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Optimising casting routes involving semisolid deformation such as semisolid processing 
and highpressure die casting requires a fundamental understanding of the globulescale 
mechanisms behind the macroscopic rheological behaviour. This thesis uses timeresolved 3D 
imaging to directly observe and measure semisolid alloy deformation from a microstructural 
perspective. Under isothermal conditions and constant strain rates, deformation mechanisms 
both at the crystal scale and at the specimen scale were identified during deformation in 
globular AlCu alloys at 6493% solid. Imaging and quantifying these mechanisms has led to 
the emergence of a refined understanding of semisolid deformation based on granular material 
concepts. 
 It is shown that globularised crystals (above  > 60%) exclusively rearrange as 
individual grains during parallel plate compression and backward extrusion at low strain rates. 
Crystalcrystal interactions are identified for the two loading modes and are not accompanied 
by plastic deformation of the individual crystals during acquisition. The ubiquitous grain 
rearrangement is coupled with shearinduced dilation of the solid assembly, whereby the 
crystals push each other apart in order to accommodate the increasing strain. 
 It is also shown that, for specimens lacking a liquid reservoir, shearinduced dilation 
causes menisci to be pulled into the specimen from the surface and additionally, at high solid 
fractions, internal pores to grow. The origins of cracking during semisolid processing are 
explored in a granular framework and linked to the shearinduced dilation associated with the 
solid assembly which increases the initial width of the liquid channels between the grains. 
Finally, the discrete grain analysis is coupled with the bulk mechanical results to explore 
the shape of the stressstrain curve and relate it to the imaged and quantified behaviours. All 
solid fractions tend to the same final stress, hinting at the possibility of a critical state 
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The manufacturing process of casting dates back 6000 years [1], and is a necessary building 
block of a thriving industrialised society. In 2009, it was estimated that in the European Union, 
industry involving metal casting produced a turnover of ~€37.6 billion and employed 270,000 
people [2]. The ability to produce complex shapes at different scales, from mechanical gears for 
wristwatches to single crystal turbine blades to car doors to aeroplane chassis, is the 
underpinning of both a successful economy and the manufacturing of bigger and more intricate 
mechanical assemblies. At its simplest, casting involves pouring molten metal in a suitable 
mould. The microstructure and defects of the final component which results from the 
solidification of the melt dictates the final casting properties. The nucleation and growth of 
solid crystals within the liquid during solidification is accompanied by rejection of solute, gas 
evolution and volumetric shrinkage. At its core, casting is thus about the continuous 
interaction of the solid and the liquid phases, i.e. it is about how the semisolid behaves during 
cooling.  
Casting defects are often caused in the semisolid regime: macrosegregation, porosity, and 
tearing behaviour are all affected by convection and shrinkage during solidification. Similar 
defects occur during severe and deliberate deformation of semisolid alloys into net shape 
components, which is a more energyfriendly alternative to traditional casting because casting 
or shaping in the semisolid state reduces energy consumption and fabrication costs. As an 




monetary and in terms of time and energy in the case of consecutive Direct Chill casting, 
homogenising, rolling, stamping and welding. This is a main driver for research into developing 
processes that produce engineering components from the liquid alloy in a single step. Net shape 
casting processes such as sand casting and permanent mould casting have been successfully 
used for many years. However, there are limitations to the shapes that can be produced and to 
the alloys that can be cast with low defect levels. Other technologies have therefore been 
developed that often involve severely deforming the alloy as it solidifies.  As an example of 
these processing techniques, highpressure die casting (HPDC) is used to produce large and 
complex automotive parts such as ‘A’ and ‘B’ pillars in a single step by forcing a solidifying alloy 
through thinwalled and tortuous cavities. Alternatively, HPDC is increasingly being used to 
produce engine blocks by casting a ductile alloy (e.g. Al9SiMg) around a core of wearresistant 
but brittle cylinder liner such as Al17Si (as shown in Fig. 1.1 (a)) Another example is twinroll 
casting, where casting is combined with hot rolling to create metal sheets directly from the 
liquid state: this is illustrated in Fig. 1.1 (b).  
 
Fig. 1.1 (a) Highpressure die cast Volvo inline 5cylinder diesel engine block with cast iron liner [3]; (b) 
Continuously cast sheet exiting the twinroll caster [4]. 
The widespread use of these onestep processes is limited, however, because they are 
typically associated with defects such as macrosegregation or porosity bands, which are not 
traditional casting defects. These defects have been linked in recent work to the strain 
localisation which occurs when the mushy zone is severely deformed, and which commonly 
appears as shear bands of macrosegregation or pores, illustrated in Fig. 1.2. 




Fig. 1.2 (a) Twinroll cast AA6111; (b) rheocast Al7Si0.5Mg; (c) squeezecast Al7Si0.5Mg; (d) highpressure die 
cast Al9Si4Cu (images courtesy of C. M. Gourlay). 
It is not fully understood how these features influence the filling and feeding of dies nor how 
they impact the mechanical response of semisolidformed parts. 
Additionally, a family of semisolid processing (SSP) routes has emerged that engineers a 
globular solid morphology and then takes one of two approaches [5, 6]. Either a low solid 
fraction (<50% solid) globuleliquid mixture is injected into dies, with similarities to HPDC, to 
take advantage of the high apparent viscosity of semisolid alloys and obtain laminar die filling; 
or a high solid fraction (<60% solid) globuleliquid mixture is deformed by forging, extrusion, 
etc., similar to metal working, to take advantage of the lower flow stress and greater 
workability of semisolid rheology compared with solid metal plasticity. These semisolid 
processing routes have not found significant industrial uptake beyond a small market share, 
but efforts continue to expand their use. In order to realise the potential of SSP, there is a need 
to further develop the fundamental understanding of rheology in semisolid alloys, which is 
much less mature than the understanding of Newtonian fluid mechanics or fullysolid metal 
plasticity. 
Interest in the mush and its behaviour is thus longstanding, as it is crucial in understanding 
the formation of defects in the resulting casting. In 1969, Metz and Flemings pioneered 




microstructures and easier forming power. Since then, many strides have been made in an 
attempt to understand the origin of thixotropy in the mush, i.e. its timedependant shear
thinning ability where, when stressed, its viscosity reduces with time. The emergence of defects 
associated with this type of manufacturing (seen in Fig. 1.2) has highlighted some limits in our 
current understanding: it is not known in detail how or why these defects form. 
It is worth noting that there are other emerging technologies such as additive 
manufacturing of metals and spraycasting, which do not involve severe deformation but still 
have the alloy microstructure be globular and, under certain conditions, in the semisolid state. 
The defects associated with these processing methods differ from the ones mentioned above and 
the link between the behaviour of these alloys during the different processing routes is yet 
undetermined. 
In the last few years, studies have proposed mechanisms that liken semisolid alloy 
deformation to granular mechanics [812]. It is thus of interest to correlate semisolid forming 
processes with both granular physics and soil deformation in order to better define the 
similarities and differences between a semisolid alloy and a granular material. 
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1.1 Aims and Objectives 
The aim of the current work is to develop methods to image and analyse the 3D mushy zone 
during semisolid deformation, in situ, with special focus given to the behaviour of individual 
grains and their interactions with both the liquid phase and any potential defects such as 
pores. This project seeks to understand the general phenomena arising from graingrain 
interactions during semisolid deformation and their impact on defect formation in the semi
solid state. 
This dissertation focuses on three areas: 
Section I: Suitable experimental design for in situ tomography experiments. This section 
seeks to highlight the specific conditions and constraints under which the current work was 
undertaken, with a particular focus given to the development of an adequate microstructure for 
imaging as well as the role played by alloy composition. 
Section II: Imaging of semisolid behaviour in a simple loading mode. This section 
investigates both the bulk response and the discrete, individual grain response of semisolid 
alloys under uniaxial compression, with an emphasis on the response of different solid fractions 
to identical testing conditions. 
Section III: Imaging of semisolid behaviour under a complex loading mode relevant to 
semisolid processing. This section features thixoextrusion at a specific solid fraction with the 





1.2 Thesis structure 
This dissertation is an in situ study of grain behaviour in threedimensions during 
deformation in the semisolid state. It consists of seven chapters. Chapter 1 introduces the 
work and focuses on the objectives and aims of the study. 
Chapter 2 consists of a review of published literature focusing on equiaxed solidification, 
mushy zone mechanics after dendrite coherency, and porosity formation. A section dedicated to 
deformation in granular materials highlights some similarities to semisolid alloys and 
identifies areas of interest which will be explored in chapters 4 to 6. 
Chapter 3 is a review of the methods used in this study. It covers both the experimental 
laboratory and synchrotron work as well as the main methods used for image processing. 
Chapter 4 is a study of longterm heattreatments of Al15Cu (wt.%) alloys. It demonstrates 
that phase coarsening in the semisolid state broadly follows the Ostwald ripening theory, 
especially for very long holding times. Morphological parameters are tracked in 3D and the 
optimum microstructure for in situ studies at beamline 12 of the Diamond Light Source is 
determined. Postmortem heattreatment agglomerates are identified. 
Chapter 5 investigates in situ uniaxial compression of semisolid Al(815)Cu alloys (wt.%) at 
four different solid fractions. It is shown that no significant solidliquid segregation occurs for 
true strains of up to 30%. Preexisting round porosity closes at low solid fractions ( < 65%) but 
nucleates and grows at high solid fractions ( > 90%). Bulk mechanical response interpretation 
fits both a standard metallurgical interpretation as well as a more granular interpretation. It is 
shown that grains move individually, both in translation and in rotation, from the beginning of 
deformation. This movement is not accompanied by a detectable change in shape. The grains 
lever themselves apart both at the scale of the specimen and at the scale of local grain 
assemblies. This rearrangement occurs at both extremes of the solid fraction spectrum, and is 




into large air pockets which resemble cracking with increasing solid fraction. It is concluded 
that rigid grain rearrangement occurs up until solid fractions of 93% solid. This grain 
rearrangement is accompanied by shearinduced dilation of the specimen which manifests itself 
predominantly via the drawing in of menisci from the surface into the specimen, lending 
credence to a more granular interpretation of mush behaviour under strain.       
Chapter 6 explores a more complex strain regime using backwards thixoextrusion of an Al
15Cu (wt.%) specimen at a solid fraction  of ~70%. Solidliquid segregation occurs through the 
extruded top at the beginning stages of extrusion. Grains in the path of the bore do not only 
rearrange but significantly roll one onto the other. No agglomeration or deagglomeration is 
shown to occur, and an alternative rearrangement mode is demonstrated under a different 
loading mode. 
Chapter 7 summarises the findings of the above studies and outlines potential areas of 







2 Literature review 
The deformation of semisolid alloys is known to depend on the semisolid microstructure 
and the loading conditions [5, 7, 1315]. This literature review therefore begins by considering 
microstructure formation during solidification and microstructure evolution during isothermal 
holding in the solidliquid region. Since all experiments in this thesis used AlCu alloys, the 
review uses this system as a case study when possible. The second part of the review covers the 
mechanics of the metallic solidliquid mixtures formed by partial solidification and remelting. A 
small section is finally dedicated to porosity formation. 
2.1 Microstructure formation during solidification 
2.1.1 Growth 
Development of solid fraction with temperature 
In order to calculate the development of solid fraction on cooling, several approximations of 
solidification can be considered. For an Al15Cu (wt.%) alloy (as shown in Fig.2.1), the lever 
rule and GulliverScheil approximations can be used to calculate the fraction solid  in terms of 






Fig.2.1. a) The aluminiumcopper binary phase diagram (reproduced with permission from [16]); b) The hypoeutectic 
Alrich part of (a) of interest (reproduced with permission from [16]). Both images are copyrighted to The Institute of 
Metals and the American Society FOR Metals, and are available at www.maneyonline.com/imr. 
The lever rule and the GulliverScheil model represent two extremes of solidification: the 
lever rule assumes complete mixing occurs in the liquid while total diffusion occurs in the solid, 
while the GulliverScheil model assumes complete mixing within the liquid but no diffusion 
within the solid, thus crystals forming during primary growth will have new layers of solid that 
are more soluterich than those formed earlier during solidification. In addition, both models 
are based on the assumptions that there is no barrier to nucleation and the velocity of the solid
liquid interface is slow enough to be at local equilibrium. 
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A common approximation to the liquidus curve is a linear fit such that * = a>? + *L. Via the 
substitutions of >? = TzT{L   and >A = T|zT{L  , it can be shown that the lever rule approximates to 
[7] 
  = >A − >?(S − 1)>? =
*? − *(S − 1)(* − *L) (2.1)  
Using the same substitution, the GulliverScheil equation yields [7] 
  = 1 − }>?>A~
pXzp = 1 − } * − *L*? − *L~
pXzp
 (2.2)  
The above equations exhibit a constant partition coefficient S because the liquidus and 
solidus curve approximations are linear. 
More complex descriptions of the liquids and solidus lines such as polynomial fits permit the 
determination of S as a function of temperature. Those better approximations can then be input 
in the initial equations using >? values directly; the difference between linear and fitted 
approximations for Al15Cu is shown in Fig. 2.2 (a). 
Since mush mechanics depends on the volume fraction of solid, it is of interest to examine 
the correlation between volume fraction of solid $ and mass fraction of solid , such that [15] 
 $ = j?j? + j? (2.3)  
This involves considering the densities of both the liquid and solid phases as they evolve 
with the concentration of liquid >? and changes in temperature during solidification. This can 
be done for the AlCu system using the empirical equations of by Poirier and Ganesan [17]: 
 j = 2.5581 + 2.1743 × 10z>? + 6.0443 × 10z>?q (2.4)  




The approximation for j applies to hypoeutectic alloys up to >A  32.7 wt.% Cu: Ganesan and 
Poirier have considered both complete diffusion and no diffusion in the solid to account for the 
changing amount of copper in the solid as solidification takes place. They discovered the 
resulting correction, however, is very small, and they estimated that the equilibrium 
approximation (for total diffusion within the solid) as written above can be applied in all cases. 
The fit for j? is based on the data of Gebhardt et al. [18] where it is assumed the 
interdendritic liquid is not subjected to undercooling and the composition of the liquid is given 
by the liquidus curve. 
The resulting volume fraction of solid is plotted against the mass fraction of solid in Fig. 2.2 
(b). It can be seen that, for the fitted liquid and solidus lines, the volume fraction and mass 
fraction do not differ by more than 6.6%. 
 
Fig. 2.2. (a) Lever and Scheil calculated fraction solid versus temperature, estimated using a linear approximation 
( linear) and the digitised fitted values of the liquidus ( fitted) for an Al15 wt% Cu alloy; (b)  	
 vs.  	
 : 
the dashed line shows a 1:1 ratio of volume fraction of solid to mass fraction of solid. 
Fig. 2.2 (a) demonstrates that commonly used extremes of solidification may not reflect the 
reality of the partially solid state in terms of mass fraction of solid: using the linear 
approximation of >?, the 15 wt.% Cu contains 76.8% primary Al and 23.2% [Al+Al2Cu] eutectic 
while the Scheil solidification path yields a lower percentage of Al with approximately 30% 
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eutectic. This is a significant difference, which is exacerbated by the more accurate data using a 
polynomial approximation of the liquidus curve: the latter yields a 65.8% mass fraction solid in 
the case of the lever rule, and a 61.4% mass fraction solid for the GulliverScheil 
approximation. These differences in calculated solid fraction are very significant because solid 
fraction strongly influences mush mechanics. 
Table 2.1. Summary of equilibrium and Scheil solidification characteristics of an Al 15 wt.% Cu alloy using both 
linear and polynomial fits for ;. 
    =  wt.% Cu 
   Linear approximation Polynomial fit 
   Equilibrium Scheil Equilibrium Scheil 
Partition coefficient S [°C] 0.17119 Varies as a function of S = 38.621 − 101.78q + 88.716− 25.431 
Melting point *L [°C] 660.452 
Liquidus temperature *? [°C] 618.5 
Solidus temperature *@ [°C] 548.2 
Eutectic temperature *d [°C] 548.2 
Freezing range Δ* [K] 70.3 
Evolution of primary 
phase 
ΔM [%] 076.8 070.5 065.8 061.4 
Evolution of eutectic Δ(M) [%] 76.8100 70.5100 65.8100 61.4100 
 
Free equiaxed crystal growth 
In an undercooled melt, any spherical solid cluster of a radius superior to bE will grow 
unconstrained. A microstructure pattern emerges as the spherical morphology becomes 
unstable to perturbations in shape; growth will then occur along the preferential directions of 
the crystal—preferred growth directions can be determined either by the solidliquid surface 
energy  i=, or by the ease of attachment of atoms to a crystallographic plane; it is quite often a 
combination of both. The treelike shape characteristic of crystal growth in undercooled metals 
is a dendrite composed of a primary trunk with secondary (and higher order) arms; primary 
trunks as well as secondary arms grow in one of the preferred directions of the crystal—in  the 
case of Al alloys, the preferred directions are 〈100〉. Growth along preferred crystallographic 
directions can be understood as a way for the system to minimise the areas with the highest 
surface energies. As a result of this an anisotropy in i= arises and as a consequence the 






Formation of perturbations initiating dendrites—linear stability analyses pioneered  
by Mullins and Sekerka [19] and continually developed since [15], introduced perturbations to a 
base state and had them either decay or grow—making them unstable states—or do neither—
making them neutrally stable states. This allowed the evolution of a solid sphere in an 
undercooled melt to be examined and it was shown that the final microstructure was a balance 
between two different length scales of surface energy and diffusion respectively.  
In practice, while composition gradients are always present at the solidliquid interface 
because of solute rejection into the remaining liquid during solidification, it is the existence of 
temperature gradients in conjunction with interface speed which creates the drive for the 
initial planar front to be disturbed. The disturbance itself arises from the temperature ahead of 
the interface, which is below the local equilibrium liquidus temperature: this constitutional 
undercooling drives the perturbation’s continued growth and prompts the interface to become 
unstable, with the perturbations growing into dendrites as time progresses. 
Dynamics of the dendrite tip and growth of a needle crystal—experimentally it has 
been shown that for a given undercooling, the growth velocity and tip radius of growing 
dendrites always have quite specific values and are related such that an increase in 
undercooling will cause an increase in velocity of the moving interface and a decrease of the tip 
radius.  
Modelling this complex behaviour started with Ivanstov, who likened the dendrite to a 
paraboloid and assumed the solid was isothermal at *L: he found a family of solutions that did 
not satisfy the GibbsThomson condition and did not agree with experimental results. His 
solution was subsequently patched by Temkin [20] and Nash and Glicksman [21], followed by 
Oldfield [22]. Summarising their methods and findings, a dendrite growing in an undercooled 
melt can be likened to a needle crystal that is parabolic in shape except at the tip which needs 
to be corrected. The correction involves the tip growing at a constant velocity and keeping its 
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shape, allowing for the determination of a unique value of both the tip shape and growth 
velocity. 
In summary, spherical grains and a planar front, which are simple geometries, are 
morphologically unstable to shape perturbations. These shape perturbations can grow and 
evolve into dendrites which take on the underlying crystal anisotropy of the solid phase; if this 
anisotropy proves to be very large, some crystallographic orientations become forbidden and the 
growing solid phase becomes faceted. The growing instabilities also choose a length scale that is 
a balance between destabilising transport forces (e.g. heat and solute diffusion) and stabilising 
capillarity forces (e.g. interface energy). 
Formation of equiaxed grains 
Equiaxed globulitic microstructure—globulitic and globulardendritic microstructures 
develop when the thermal or solutal instabilities are unable to develop before the crystals 
impinge on their neighbours. These are structures frequently encountered in very effectively 
grainrefined alloys (e.g, Zrrefined Mg alloys [23]) with a high nuclei density and a moderate 
cooling rate.  
  Equiaxed dendritic microstructures—as the cooling rate rises, thermal and solutal 
instabilities can develop and give rise to a dendritic equiaxed primary phase. In Al alloys where 
the preferred growth direction is 〈100〉, the primary arms will extend along all preferred 
crystallographic directions to result in a sixbranched—either starlike or cruciform—grain in 
3D, or an equiaxed fourbranched cross in 2D. The mechanism behind the growth of these 
grains has been elucidated via models developed by Oldfield [24] and then refined by 
Stefanescu [25] and Rappaz [26]. By taking a volume element small enough that the 
assumption of a uniform temperature across it is valid, they assumed spherical grains 
nucleated randomly until they impinged on one another, and derived the individual 
contributions of nucleation, growth and impingement. Because the grains are partially solid, 





Fig. 2.3. Schematic of an equixed dendrite 
in its envelope [adapted from [15]]. The 
interdendritic fluid is assumed to be well
mixed and at a uniform composition ∗, 
the composition of the liquid at the 
interface of the solidification front. The 
composition of the extradendritic liquid 
can be seen to decrease with distance from 
the dendritic envelope. 
 
The grain envelope results in a ‘mushy grain’, i.e. a branched grain around which an 
envelope can be drawn to connect the extremities of the crystal [2729], and in which the solute 
is usually considered to have a uniform composition. In the case of a cubic crystal, the envelope 
has an octahedral shape with faces that are a little concave because of the small secondary 
dendrite arms which have not yet escaped the solute field of their neighbours, as shown in Fig. 
2.4. 
 
Fig. 2.4. Octahedral envelope in a equiaxed dendritic 
crystal (adapted from [30]). 
 
This allows for the definition of inter and extradendritic liquid, or the liquid inside the 
dendritic envelope $N and the liquid outside the dendritic envelope $O respectively, in addition 
to the volume fraction solid of the grain $H. These three terms are related such that(adapted 
from [15]) 
 $H + $N + $O = 1 (2.6)  
 
And thus the total grain fraction $OPG can be approximated to 
 $H + $N = $OPG (2.7)  
This permits  further considerations: globular grains, by definition, will not possess any 
interdendritic liquid—their internal solid fraction equals unity [29]; on the other hand, 
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connecting the primary and secondary arm tips marking dendritic growth results in an 
envelope containing a significant liquid fraction [27]. It is also useful to express the total solid 
fraction $ in terms of fraction of envelopes $OPG and internal volume fraction of solid within 
envelopes $H, where [9] 
 $ = $OPG . $H (2.8)  
This approach was pioneered by Rappaz and Thevoz [28] who then went on to differentiate 
the scales associated with equiaxed solidification: the interdendritic liquid is associated with a 
length scale of the order of secondary dendrite spacing, while the extradendritic liquid is on the 
scale of grain size. They also showed that the average extent of the grain envelope solute 
boundary layer is approximately the extent of a solute boundary layer characteristic of a planar 
front. Thus the partially solid grains impinging on one another is defined as ‘soft impingement’ 
whereby equiaxed grain growth slows down as soon as the solute boundary layers impinge on 
one another, and not when the grains come into actual contact. 
The above theory assumes that the growth velocity of the grain is equivalent to that of the 
envelope and is taken as uniform; that the extradendritic liquid is of a nominal composition >A; 
that the interdendritic liquid is wellmixed and the solid composition is uniform; and that the 
solute remains within the envelope without any transport to the outside. This allows the 
recovery of the lever rule at the scale of the grain envelope as the internal volume fraction of 
solid of the grains $H is computed [15]  
 $H = $$ + $N =
>?∗ − >A>?∗(1 − S) = Ω (2.9)  
As stated above, Eq. (2.9) arises from the main assumption that, early in the solidification 
process when * is close to *?, the composition of the solid is uniform. This translates into the 
average composition of the solid being equivalent to the composition of the solid at the interface 
>@∗, which itself is equivalent to S>?∗. It demonstrates that the internal volume fraction of solid is 




as a result of grain growth is weighted by the internal solid fraction of the grains $H: as a 
result, the evolution of $H influences the cooling rate directly [15]. 
Finally, it is possible to define a globulartodendritic transition at a critical radius b_zN, 
such that, for a cubic crystal [15] 
 b_zN, = −96 D=Γ=SΔ* \]BC*e 
p
 (2.10)  
If the final grain size is smaller than this value, then the microstructure is globular. When 
the average grain radius is just slightly larger than the critical radius, then the microstructure 
is globulardendritic with an overall globular shape. It is only when b ≫ b_zN,, with b being 
the average radius of the final microstructure, that the grains are fully equiaxed dendritic. It is 
finally interesting to note that the globulartodendritic transition observes the same 
dependence as the coarsening model for secondary dendrite arms, which is examined in Section 
2.2. 
Crystal Impingement 
‘Coherency’ is a term that is commonly used in many different circles and, as such, has 
multiple definitions. Broadly, in solidification, coherency is taken to mean the moment (solid 
fraction) where a partially solid alloy develops mechanical resistance and measurable strength 
[15]. A common definition of dendrite coherency is the solid fraction where a measurable torque 
begins during the very slow shearing of an equiaxed liquidsolid grain mixture [9]. In this case, 
coherency describes the solid fraction at which shear and compressive forces can be transmitted 
through a crystal network [31] and is inherently dependant on grain morphology [32]. For 
highly dendritic crystal structures, coherency occurs at 0.1  $EQR  0.2 [3234] as the large 
dendrite envelopes enable the solute boundary layers of the grains to come into contact very 
early, causing the formation of a solid skeleton capable of transmitting shear and compressive 
forces. In the case of globular crystals, coherency occurs at around $EQR ≈ 0.5 [35], which 
corresponds to the point where randomly crowded spheres in a network are not able to slide 
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past each other easily anymore. After impingement, filling in of the dendritic envelope occurs 
until solidification is complete. Other definitions of coherency are based on the onset of tensile 
strength which occurs at much higher solid fractions [15, 36, 37]. 
Coarsening during growth 
Equiaxed morphologies can be characterised by a mean grain size governed by the 
combination of nucleation and growth and a secondary dendrite arm spacing SDAS oq, which 
are the structures involved in coarsening during solidification.  
Secondary dendrite arms develop a few tip radii behind the original dendrite tip and their 
tips tend to increase in size the further they are away from the tip. At first, the solute layers 
associated with growing primary dendrite tips of the same grain do not overlap, and secondary 
dendrite arms grow in that space in order to fill it. The mechanisms involved in secondary 
dendrite arm growth lead to the existence of arms of various sizes by the time the solute layers 
of the primary dendrites impinge. Finally, the solidliquid interface area to volume ratio 
decreases with time as some sidebranches are eliminated and not others. This coarsening is 
driven by the reduction in Gibbs free energy through the reduction of surface energy: isolated, 
it is a process of simultaneous remelting and resolidification because it does not involve any 
change in the phase fractions. However, because it occurs simultaneously with growth, some 
change in the phase fraction is typical. 
Secondary dendrite arms that grow side by side in a uniform temperature field all have 
different curvatures, implying the composition of the liquid at their surface must be different 
for them to satisfy the GibbsThomson equation (which infers that the solute concentration at a 
liquidsolid interface is larger for areas with larger curvature). A model by Kattamis and 
Flemings [38] shows this compositional gradient causes a solute flux from larger to smaller 
dendrites, inducing the remelting of the smaller dendrite arms in order to preserve local 
equilibrium: the flux arriving at a smaller arm can be shown to dissolve some of the solid, while 




difference in composition increases and provides impetus for the process to continue until the 
smaller dendrite arm completely remelts. This model is based on the creation of a flow of mass 
(i.e. solute) from regions with larger curvature to regions with smaller curvature, assuming all 
diffusion happens though the liquid phase and can be described by the GibbsThomson 
equation, and both growing dendrite arms and shrinking dendrite arms are assumed to occur at 
constant length and radius. 
Other mechanisms proposed by Young and Kirkwood [39] followed by Mortensen [40] 
postulate that adjacent dendrite arms coalesce, their tips remelting and depositing liquid at the 
root between them. In real microstructures this process is much more complex as all the 
different solid segments interact. 
 
Fig. 2.5. Coarsening mechanisms as proposed by different authors (reproduced with permission from [41], 
copyrighted by the Institute of Materials, Minerals and Mining and ASM International, available at 
www.maneyonline.com/imr). 
As illustrated in Fig. 2.5, secondary dendrite arms can melt back radially [42], axially [43], 
off at the root [43], or two neighbouring dendrite arms can coalesce [44]. All of these have been 
recently observed in situ [45] using xray tomography, although the melting off at the roots 
very rarely happens during solidification and is more of a characteristic of partial remelting 
with isothermal holding (see Section 2.2). In most cases, coarsening starts once the large energy 
yield associated with solidification tapers off, and weaker interfacial energy considerations 
come into play. In general, smaller dendrite arms start melting back simultaneously radially 
and axially.  
Overall, the contribution of coarsening is homogenising even though it increases the 
distances between solid and liquid phases, with the homogenising effect due to the adjustment 
in compositions in both phases.  Kammer and Voorhees, examining the remelting of secondary 
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dendrite arms during solidification, have shown that it is a process proportional to z [46] 
which had been suggested earlier .   
2.1.2 The end of equiaxed solidification 
Coalescence 
For a pure substance, the coalescence undercooling  Δ*k can be expressed as [47] 
 Δ*k = ΔΤkn = i_k − 2i=Δ%] ×
1n (2.11)  
where n represents the thickness of the solid liquid interface, ΔΤk the difference between the 
grain boundary interfacial energy i_k and two solidliquid interfacial energies 2i=, and Δ%] the 
entropy of fusion. In the case where [47]: 
 i_k = 0, the situation is equivalent to adjacent dendrite arms with the same orientation 
merging within the same grain, and the interdendritic film thickness is on the order of the 
interaction distance between the two dendrite arms. At a certain temperature *O=N, there is a 
change in topology and dendrite arms coalesce, replacing two solidliquid interfaces by one 
solidsolid interface until all interfaces are solid at *LHP. For  *LHP < * < *O=N, welding causes 
the continuous liquid films to become isolated droplets in a continuous solid and the 
permeability of the mushy zone decreases. The temperatures discussed here correspond to 
volume fractions on the order of $ ≈ 0.9 [15]. 
 i_k < 2i=, then the solidliquid interfaces are attractive due to a small misorientation angle. 
The liquid film between the two dendrite arms is unstable and the undercooling is negative; 
coalescence thus occurs as soon as the two dendrite arms are close enough to one another (a 
distance on the order of n) at a temperature approximately *O=N. 





 i_k  2i=, the liquidsolid interfaces are repulsive and the liquid film is stable between the 
dendrite arms, remaining below the undercooling Δ*k. This is caused by a large misorientation 
angle between the dendrites on either side of what will become a grain boundary. Coalescence 
thus occurs on a coalescence line parallel to the liquidus and Δ*k below it, as shown in Fig. 2.6. 
 
Fig. 2.6. Evolution of the average composition of solid and liquid as a function of temperature using the sharp 
interface model. The dashed line represents the coalescence line (reproduced with permission from [47]). 
On average, it has been estimated that most grain boundaries are repulsive, with i_k ≈
2.2i= [48]. Some undercooling is thus expected for coalescence to take place.  
In alloys, there is the added complexity of the concentration of the remaining liquid between 
the two dendrites: solute rejection will significantly alter the undercooling and modify the 
temperatures involved. Because of the decreasing size of the liquid film, diffusion parallel to the 
liquid film as well as backdiffusion (i.e. the diffusion of solute in the two solids perpendicular to 
the interface) become of increasing importance. In equiaxed dendritic alloys, the scale upon 
which coalescence is measured is equivalent to oq, the secondary dendrite arm spacing where 
the two secondary dendrite arms have the same primary trunk as a parent. For infinitely quick 
diffusion in the solid (i.e. the lever rule), the concentration of the liquid during the last stage of 
solidification is constant at >A/S when the two solidliquid interfaces come within the contact 
distance n, and this occurs at the solidus temperature for the bulk alloy composition. On the 
other hand, for infinitely slow diffusion in the solid (i.e the ScheilGulliver approximation), the 
solute gradient at both interfaces is very high when the two interfaces are within contact 
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distance n, and the solute content in the liquid film is then reduced via backdiffusion to reach 
the coalescence line. 
Thus near the liquidus, all the crystals are surrounded by a continuous liquid film. As 
temperature decreases and grains start crowding each other, solidsolid interface formation can 
occur or not at a predefined interaction distance depending on the misorentation angle 9. As 
the number of grains increases and they grow, the increase in perimeter of grains in contact 
with the liquid because of solidification is counteracted by grain boundaries becoming solid [49]. 
This is the start of percolation, or the progressive transition between clustered crystals within a 
continuous liquid matrix to isolated droplets or liquid films contained within a continuous solid 
network: it occurs at $  0.97 [15].  
Eutectic solidification 
Commonly, the latter stages of binary Al alloy solidification involve a eutectic reaction. As 
illustrated by the phase diagram in Fig.2.1, this consists of the liquid directly transforming into 
two solid phases such that 7 → 3 + g at a single eutectic composition >OtI and temperature *OtI. 
Two phases 3 and g must then nucleate and grow concurrently. In the case of a hypoeutectic 
aluminium alloy with >A = 15 wt.% Cu, the 3 phase consists of Al dendrites which nucleate and 
grow when the temperature of the melt decreases below *=H(>A)—which is around 618.5°C 
according to Fig.2.1. As the Al dendrites nucleate first and grow in the melt, the solute Cu is 
rejected into the liquid and enriches it until the composition at the 3 − 7 interface, >=∗, becomes 
larger than >OtI. This causes a certain amount of undercooling Δ*=t with respect to the 
Al2Cuphase liquidus temperature at >=∗, as illustrated by Fig. 2.7. When that undercooling 
Δ*=t reaches a critical value, the second phase (Al2Cu) starts nucleating at the 3 − 7 interface 
[50], usually with a specific crystallographic orientation with relation to the parent phase. For a 
15 wt.% Cu alloy, this is predicted to occur at a volume fraction $ ≈ 0.64 for Scheilan 





Fig. 2.7. Nucleation of a second phase prior to eutectic growth in a hypoeutectic alloy (adapted from [15]). 
Eutectic growth of \ → (Al)+Al2Cu is diffusioncoupled with 7 − 3 − Al2Cu triplejunctions 
where both 3 and Al2Cu phases laterally reject Cu and Al solute respectively in the case of an 
Al15 wt.% Cu alloy. A triple junction allows for lateral diffusion into the liquid, and a much 
smaller difference between the maximum and minimum compositions ahead of the interface 
compared to the case where the two phases would grow independently [15]. Since this work 
involves the deformation of 3 −liquid mixtures and is not directly concerned with eutectic 
growth, eutectics will not be reviewed further.  
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2.2 Microstructure evolution during isothermal coarsening 
A family of semisolid processing routes deform partially remelted alloys (e.g. thixocasting, 
thixoforging, [51, 52]) and many fundamental semisolid deformation studies have been 
conducted on partially remelted alloys (e.g. [42, 44, 45, 53]). An approach to obtaining alloys 
with a more globular microstructure is to partially remelt an alloy and isothermally hold it in 
the partially solid state. Depending on how they are initially solidified and subsequently 
processed, alloys can have starting microstructures that are columnar or equiaxed and either 
dendritic, rosettelike or globular/polygonal. In the case of the AlCu and AlSi systems, both 
columnar dendritic [42, 53] and equiaxed dendritic [54, 55] microstructural evolutions are 
common, and depend on >A and the addition of grain refiners.  
The morphological evolution during isothermal holding is followed using traditional 
parameters—either 4G, the solidliquid interfacial area per unit volume, or the average 
secondary dendrite arm spacing oq. Both these features show sizes that vary according to a z   
power law, such that [56]: 
 6P = 6AP + S (2.12)  
where 6A is the value of 6 at time 0, S is a parameter incorporating the appropriate mass 
transport process as well as a microstructural geometrical parameter, and ¡ is the scaling 
exponent. S is also known as the coarsening rate constant and takes the form of [57]: 
 S = 8D>Mi=fL9b*  (2.13)  
where D is the general diffusion constant in the liquid, >M is the precipitate concentration in 
weight percent in the solid, i= is the solidliquid interfacial energy, fL is the molar volume of 





Depending on the parameter studied, equation (2.12) can become: 
 6zP = 6AzP + S (2.14)  
Recently, an in situ study has used a variation of this sort of equation to examine the 
evolution of solidliquid interfacial area and globule neck growth in 3D [45] equivalent to 
equations (2.12) and (2.14): 
 
6P = 6AP + S 
6P×pP = (6AP + S)pP 
∴ 6 = (6AP + S)  (solidliquid interfacial area) 
∴ 6 = (6AzP + S)z  (globule neck growth) 
(2.15)  
The case of spheres coarsening by volume diffusion in all phases is equivalent to an exponent 
¡ where ¡ = 3, and is the classical version of the Ostwald ripening process as described by the 
LifshitzSlyozovWagner (LSW) theory [57, 58]. It is illustrated in Fig. 2.8 and is driven by the 
need of the system to reduce its total interfacial energy by increasing the distance between 
particles and decreasing the total number of particles in the system. This is accomplished via 
solute flow caused by the concentration gradients in the interparticle matrix: because the 
concentration of solute atoms is higher near smaller particles which have a higher curvature, 
this causes solute to flow from smaller to larger particles [59]. Larger particles grow in a 
dissolution and reprecipitation process at the expense of smaller particles, which shrink. As 
solute flow proceeds, smaller particles shrink and finish by dissolving to compensate for the 
concentration decrease at their interface, while the migrating solute precipitates at the larger 
particles and removes excess solute from the matrix. The derivation of the Ostwald ripening 
process assumes that the diffusion fields around each particle are spherical, symmetrical, and 
do not interfere with one another, i.e. that it occurs in structures where the volume fraction of 
the second phase tends to zero. It also assumes a structure with high grain boundary energy. 




Fig. 2.8. Ostwald ripening (adapted from [60]). 
In semisolid alloys, most studies determine ¡ is approximately 3 [61], the coefficient 
commonly connected with Ostwald ripening in structures displaying high grain boundary 
energy i_k as well as a low $. Other studies have found much smaller values for ¡ where ¡ <
3 [53, 54].  
Multiple modifications can be applied to the LSW theory to account for higher volume 
fractions [57, 59] and more realistic diffusion geometry [6264]. Most modifications conserve the 
linear relationship between particle volume and time and try to broaden the particle size 
distribution to fit the experimental observations via altering the coarsening constant, which is 
systematically higher  (by a factor between two [65] and five [66]) than the predicted theoretical 
value. Such modifications may take the form of an added factor to S such as [67]: 
 
1
p ⁄ − 1 (2.16)  
In practice, values of ¡ may range from 1 to 9 depending on composition, holding time and 
initial microstructure of the alloy [42, 53]. Usually, an exponent of 3 for a 
p
 coefficient is 
ascribed to very long holding times where the coarsening behaviour becomes asymptotic; the 
coefficient may, however, remain smaller if the initial microstructure was very finely equiaxed 
dendritic. This is believed to be due to 
¤YY¤YZ < 2 in AlCu alloys, which causes the coalescence 
mechanism, as opposed to Ostwald ripening, to dominate at holding times longer than 900 
seconds [54]. The theory for coalescence in liquid phase sintering acts as a competing 
mechanism to Ostwald ripening, whereby the radii of two coalescing particles decrease slightly 




 have also 




most likely due to the predominance of one coarsening mechanism over the other: in AlCu 
alloys in particular, because interfacial energies satisfy iQ=HNzQ=HN < 2iQ=HNz=HtHN, it is thought 
that coalescence is the predominant coarsening mode, where it is possible to draw a parallel 
between the coarsening witnessed in partially solid alloys and Courtney's model for the 
coalescence of spherical particles during liquid phase sintering [6870], which is illustrated in 
Fig. 2.11. 
 
Fig. 2.9. Coalescence (adapted from [60]). 
Two coarsening mechanisms are thought to be dominant in liquid phase sintering: (1) 
Ostwald ripening involving large precipitates in a melt growing larger at the expense of smaller 
precipitates which shrink, their material depositing onto the larger precipitate; and (2) 
coalescence in which two particles in contact fuse together and share a solidsolid interface 
(grain boundary) which grows with time.  
In order to apply a liquid phase sintering model to partially solid alloys, the assumption that 
densification is complete must be made to allow diffusion of the solute in the liquid phase to 
control the kinetics of coarsening. By examining different microstructures (both isolated 
spheres and a solid skeleton [68, 70]), Courtney determined coalescence, as opposed to ripening, 
is the mechanism that dominates the coarsening of morphological features for short holding 
times: the exponents associated with Courtney's model, − p to − p¦, are smaller than the − p 
coefficient of Ostwald ripening. Other studies, for example by Bender and Ratke [72], stipulate 
that for coalescence to occur ripening of the particles must come first for the particles to come 
into contact and increase their coalescence contact points. A series of experiments by Poirier et 
al. [54] corroborates the latter. Using these parallels to liquid phase sintering, ripening and 
coalescence are the two commonly accepted coarsening mechanisms at work during partial 
remelting with isothermal holding.  
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All the abovementioned models are based on observation of 2D sections obtained from 
metallographic specimens. In two dimensions, the tracked feature usually involves 4G, the solid
liquid interface area, and/or the average secondary dendrite arm spacing oq, the evolution of 
both being described by equation (2.14).  Additionally, when using 2D sections, shape factors 
such as §Q = ¥¨C  or §_ = > @©ª«, which use measured areas <, perimeters ¬, and numbers of grains 
per unit area ­ [73] can also be used to categorise objects and monitor particle shape changes: 
these features follow equation (2.12). However, the evolution of the grain boundary curvature 
and, by a certain extension, the solidliquid interface curvature, can only be guessed at. Recent 
xray tomography by Limodin et al. [45] resolved this curvature and other threedimensional 
morphological features in a globular microstructure. They showed that standard parameters 
such as particle density, size, and 4G did not follow conventional Ostwald ripening power laws; 
the time variation of 4G was calculated as being closer to Courtney’s model, with a time
dependency coefficient of − p. In addition, even though the Ostwald power laws were not 
followed, it was found that there still were two competing coarsening mechanisms: one similar 
to Ostwald ripening where large solid globules increased in size at the expense of smaller ones, 
and a coalescence mechanism where the increase in the neck shared by two solid globules is 
accompanied by a decrease in their radius. Both these mechanisms occur simultaneously, 
which may explain the contradictory variations experienced by some structural parameters. A 
recent model by Ratke and Genau [74] validates the evolution of 4G determined by Limodin et 
al. using a uniform velocity field while yielding slightly counterintuitive results necessitating 
further experimental data.  
It should be noted these mechanisms are only valid in their details in the case of globular 
microstructures. Isothermally holding an equiaxed dendritic alloy will most likely result in 
coarsening close to Ostwald ripening. Coalescence of two grains as described by Limodin et al. 




more spherical structure has occurred: this requires equiaxed dendritic microstructures to 
become rosettelike and evolve into increasingly globular grains with increasing holding time.  
Additionally, the melting off of the dendrite arm at its root is important in very dendritic 
microstructures that are held isothermally above their eutectic temperature, and explains the 
smaller grain size observed after isothermal holding. This has been recently proven with in-situ 
synchrotron observations by Ruvalcaba et al. [75], where the solute gradients introduced by the 
curvature of each dendrite cause root remelting: there is solute pileup at the root of secondary 
dendrite arms because of solute rejection due to local growth, solute flow in the mushy zone, 
and solute advection. The composition of the solid/liquid interface at the root changes as a 
result and leads to the root of the secondary dendrite remelting; the secondary dendrite arm 
then becomes a grain in its own right and undergoes coarsening independently from the parent 
dendrite from which it has separated. The overall effect is a reduction in grain size as large 
dendrites fragment, something which is not prevalent during solidification because the front 
velocity is not slow enough [7678]. This is an altogether different mechanism from the 
mechanical shearing and fragmentation of dendrite arms caused by continuously stirring the 
partially solid melt to obtain a finer globularised microstructure which will be examined in 
Section 2.3.2. 
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2.3 Mushy zone mechanics 
Spencer, Metz, and Flemings [7, 32, 79] were among the first to study the deformation of 
partially solid alloys from 1969, and were originally interested in hot tearing in cast alloys. A 
key finding in those debut works was that highlybranched dendritic partially solid structures 
are not as easily sheared as globular or smaller ‘equiaxed’ structures of the same solid fraction, 
and that mush rheology is a strong function of crystal morphology and solid fraction and does 
not depend significantly on alloy system. Two broad fields of mush rheology have since 
developed: the rheology when the solid morphology is engineered to be globular and the 
rheology in microstructures where natural equiaxed solidification is allowed to develop. 
2.3.1 Dendrite coherency 
Dendrite coherency is defined as the moment during equiaxed solidification where crystals 
first impinge upon their neighbours and a threedimensional solid assembly forms that is 
capable of transmitting shear and compressive forces, which occurs when the dendrites grow 
close enough that their crystal envelopes impinge on their neighbours [80]. This is illustrated in 
Fig. 2.10. The fraction solid at which this occurs is dependent on the morphology of the crystals 
growing in the melt [34, 81]: $EQR can span ~0.1 to 0.55 depending on the extent to which the 
crystals are dendritic. Independent of the actual liquid fraction $?, it is the packing of the 
crystal envelopes that determines the coherency point: highly branched dendritic crystals have 
a high interdendritic liquid fraction within their envelopes and the growth of their crystal 
envelopes brings them into mechanical contact at around $ ≈ 0.15. Morphologies with a lower 
interdendritic liquid fraction are characterized by a later coherency onset, and globular crystals 
exhibit the highest coherency solid fraction at $ ≈ 0.55, where the globulitic crystals resemble 





Fig. 2.10. Al7Si0.3Mg cooled at 1Ks1 (in the 
liquid just prior to nucleation) quenched at the 
dendrite coherency solid fraction. The 
estimated dendrite envelopes at the time of 
the quench are shown, at a  ≈ .  
(adapted from [8]). 
During natural solidification, the solid fraction within envelopes is a function of the alloy 
composition, nucleation catalysts and the solidification parameters (interface velocity and 
thermal gradients) [8185]. 
Before the coherency point, independent dendrites in the remaining melt are free to move 
independently of one another and they cannot transmit any measurable force irrespective of 
their morphology (e.g. [6, 32, 35, 37, 86]). The material thus flows with no peak stress when 
deformed and possesses an apparent viscosity, with the growing crystals contributing to 
increasing the value of this apparent viscosity via hydrodynamic perturbations and crystal
crystal collisions [9]: micrographs of quenched partially solid alloys deformed during this stage 
show no discernible difference to undeformed and quenched samples. Dendrite coherency thus 
corresponds to the transition from mass to interdendritic feeding. 
2.3.2 Deformation of globular mush 
Agglomeration and deagglomeration phenomena during deformation and/or 
holding 
An important feature of globular alloys in the partially solid state is the thixotropic 
behaviour they exhibit during shearing: this corresponds to a decrease in their apparent 
viscosity with time after an increase in shear rate, and leads to an overall shearthinning 
behaviour at steadystate. A parallel between spheroidal grains in a liquid matrix and 
flocculated suspensions can be drawn [87], where an increase in shear rate forces flocs to 
deagglomerate, while a decrease in shear rate prompts the flocs to agglomerate as they collide; 
similar breakdown and buildup phenomena are postulated to be at the origin of the changes in 
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apparent viscosity of partially solid globular alloys [6, 88, 89]. It is worth noting that 
agglomeration here refers to coalescence or welding, where a number of globular crystals are 
bound together via the formation of solidsolid interfaces.  
At rest, gravity brings the globules in the partially solid alloy into contact, enabling 
agglomeration to occur; for a solid fraction $ sufficiently high, all globules are in contact and 
this 3D connected network enables the partially solid alloy to be handled like a solid. In both 
these cases, the current understanding is that shearing requires the breakdown of this 
agglomerated structure which, contrary to conventional thixotropic materials such as colloidal 
dispersions (paints, inks…), emulsions, and fibrous suspensions, is held together by solidsolid 
interfaces that form when favourably orientated particles come into contact during the buildup 
stage [90]. This can happen within less than 2 minutes [35, 91]. Thus shearing requires 
breaking those solidsolid interfaces to create smaller agglomerates [5]. Breakingup the 
agglomerates requires a higher shear stress which then decreases to a steadystate shear stress 
when the appropriate smaller agglomerate size is reached [92]. Subsequently increasing the 
shear rate prompts both the agglomeration and the deagglomeration mechanisms to compete: 
while the incidence of particle to particle collision increases the time the particles are in contact 
decreases, making the formation of solidsolid interfaces less likely since it is a timedependant 
and orientationdependant process.   
If shear rate is decreased, the individual particles come into contact and start agglomerating 
until a larger agglomerate size suitable for that lower shear rate is attained: this translates 
into a lower shear stress that gradually increases until a steadystate shear stress is reached, 
illustrating the buildup phenomenon witnessed before any shearing occurs. Both buildup and 
breakdown phenomena are shown in Fig. 2.11. It is worth noting agglomeration may entrap 
liquid, causing an increase in the apparent viscosity by effectively increasing the solid fraction 





Fig. 2.11. a) Response of an inelastic thixotropic material to a step change up in shear rate followed by a step change 
down (adapted from [90]); b) Schematic of the agglomeration and deagglomeration processes after shear rate jumps, 
and the fast and slow mechanisms at work during both buildup and breakdown phenomena (adapted from [92]).  
Hence what can be termed a ‘steadystate’ viscosity is postulated to be a dynamic 
equilibrium between buildup and breakdown phenomena occurring as the partially solid alloy 
is sheared [5], and any static yield stress uJ of the partially solid alloy can be understood as a 
result of a larger buildup of agglomerates before deformation. It follows that uJ will increase 
with rest time: this is due to both a buildup of agglomerates and a coarsening effect. 
Both the breakdown relaxation time and buildup relaxation time have been quantified by 
rheometry studies on globular partially solid alloys which have been performed by many, 
including Spencer et al. [32], Joly et al. [35], Quaak et al. [94], Koke and Modigell [95], and Liu 
et al. [96]. It was found that the breakdown of the agglomerated structure occurs faster than its 
buildup, and breakdown times are shorter the higher the shear rate [5]. The first result is 
especially intuitive, as forming solidsolid interfaces during the buildup takes more time for 
neck formation and growth than breaking an agglomerate, especially as a solidsolid interface 
can only form if the interfacial solidsolid energy is favourable such that i < 2i=. Quaak et al. 
proposed that during a shear rate change, there are actually two processes involved: one is the 
rapid breakdown/buildup of the structure depending on whether the shear rate was increased 
or decreased, which is then followed by a slower coarsening process dependant on diffusion. 
This is illustrated by Fig. 2.11 (b). 
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Shear thinning and thixotropic behaviour 
The aforementioned agglomeration and deagglomeration phenomena can be used to 
determine the degree of agglomeration 4 of a globular suspension, where 4 = 0 is equivalent to 
no agglomeration (where all contacts are liquid films), and 4 = 1 is equivalent to total 
agglomeration (where all contacts are stable solidsolid interfaces). A shear thinning material 
has its structure instantaneously breaking down with increasing shear rate, becoming more 
deagglomerated (4 decreases) and containing less entrapped liquid—this is a steady state 
behaviour not dependant on time. On the other hand, a thixotropic material shows a decrease 
in agglomeration with stress duration, i.e. it shows a transient timedependant structure 
breakdown when experiencing an increase in shear rate. A thixotropic material is shear
thinning once it reaches its ‘steady state’ viscosity. Using these definitions, partially solid alloys 
can be compared to notional nonNewtonian fluids in order to build rheological models, where 
the Bingham and the HerschelBulkley models have been the most favoured in past work [97]. 
 
Fig. 2.12. Available empirical 
rheological models for various 
fluid types. 
A Bingham material can be empirically described as exhibiting a yield stress uJ with a shear 
stress u proportional to the shear rate ie  [97], such that: 
 u = uJ + Sie  (2.17)  
while a HerschelBulkley material behaves nonlinearly with a yield stress [98]: 
 u = uJ + Sie P (2.18)  
In both Eq. (2.17) and (2.18), the constant S is related to viscosity v. Both these models differ 




viscosity of the fluid v. The concept of applying these relationships found in fluids to partially 
solid alloys is difficult: an alloy in its partially solid state has an apparent viscosity highly 
dependent on microstructure (solid fraction, crystal shape, degree of agglomeration, etc.). In 
addition, whether globular alloys in the semisolid state truly display yield is disputed [91], 
especially as there is a need to distinguish between static yield—when the alloys is at rest 
before being sheared—and dynamic yield—when the alloy is being continuously sheared from 
the liquid state to the partially solid state— [99]. In the case where no yield stress uJ is 
measured, the OstwalddeWaele relationship is usually used to describe the empirical 
relationship between the yield stress and the shear rate [100]: 
 uJ = Sie P (2.19)  
For ¡ = 1, the material is Newtonian when S is equivalent to the viscosity v; for ¡ < 1 it is 
shear thinning; and for ¡ < 1 it is shear thickening. Semisolid alloys with a globular 
microstructure are shear thinning, but thicken when they are allowed to rest. As a final point, 
it is believed that at very low or very high shear rates, thixotropic materials behave effectively 
as Newtonian fluids as articulated in the Cross model [101]: 
 v = vw + ®vA − vw1 + Sie P¯ (2.20)  
Various published data at fractions solid of 0.2 [77], 0.3 [102], 0.36 [102] and 0.5 [102, 103] 
are in agreement with the Cross model, but the data about extreme solid fractions is meagre 
and no definite conclusions should be drawn. 
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2.3.3 Deformation in microstructures containing a solid network 
The loading modes used to investigate compressive deformation when a solid network is 
present have included direct shear experiments [7, 13, 37, 104], vane rheometry  [8, 11, 81], 
parallel plate compression [7, 51, 52, 102, 105109], extrusion and its derivatives [105, 108], 
and filtration experiments (based on the oedometer test) [108, 109]. A combination of these 
methods has been used to investigate the apparent viscosity, mush strength and other material 
constants of semisolid alloys to establish constitutive equations describing mush behaviour 
[73, 110112].   
The fraction solid $, the morphology of the crystals, and the degree of 
coalescence/agglomeration are the factors which influence the evolution of mechanical 
behaviour in a partially solidifying alloy after crystal impingement. These factors are 
themselves influenced by solidification kinetics which affects crystal size and shape, solidliquid 
and solidsolid interface energies which determine the likelihood of forming welds between 
neighbouring crystals, and solid skeleton permeability and liquid viscosity which determine the 
ease of liquid flow through the dendritic network [81]. Finally, the amount of eutectic, which 
depends of how much liquid remains when the liquid reaches the eutectic composition, also 
plays a significant role; so does the method of eutectic solidification (planar or equiaxed).  
The major deformation mechanisms depend on the solid fraction at the time of deformation 
relative to the coherency point $EQR [7, 35, 37, 86]. Spencer, Metz, and Flemings [7, 32, 79] 
deformed partially solid alloys in both compression and shear, and deformation occurred via the 
lubricated rearrangement of grains by sliding and rolling localised on a shear plane in which 
tangled interdendritic regions underwent fragmentation. This shear plane was also shown to 
attract a flow of soluteenriched liquid [7, 37, 79]. 
Both shear and compressive stress versus displacement curves display a similar shape: the 
stress increases with increasing displacement in an approximately linear manner until a peak 




stress is reached (e.g. [6, 7, 9, 32, 51, 81, 109, 113, 114]). Until recently, it was assumed 
mechanical interlocking of the dendrites arms and dendrite entanglement initiated resistance 
to deformation, with the linear increase in stress attributed to the ‘stretching’ of the bonds in 
the dendritic network [81]; the peak stress was said to correspond to the point where the 
connections between the dendrites started to break and the network collapsed. Another 
explanation posits that the initial resistance to deformation originates from the presence of 
agglomerates whose solidsolid bonds yield at  u°OFX, in a similar way to semisolid alloys which 
are sheared before at right after $EQR [112]. Gourlay et al. [8, 9] have proposed an alternative 
explanation for the shape of the shear curve, which is due to the partially solid alloy behaving 
as a cohesionless granular material above $EQR and exhibiting Reynolds’ dilatancy, which will 
be discussed in Section 2.3.5. 
It is worth noting that, while true that mush rheology is not directly related to composition 
[7, 32, 79], grain refiners or alloying additions will directly influence the grain size and 
morphology [85], altering the coherency solid fraction and development of strength [81]:  the 
less branched the crystals, the slower the increase in shear stress with fraction solid. Finally, 
there doesn’t seem to be a relationship between coherency and strength development with 
increasing solid fraction: a late onset of coherency is not related to slow increase in strength 
[81]. The very significant effect of changing morphologies is shown in Fig. 2.13: grainrefining 
an Al 4 wt.% Cu alloy changes both the shape and the size of the grains, making them 
approximately 10 times smaller and altering their morphology from highly branched equiaxed 
dendritic to almost globular. This then causes a later onset of coherency and a slower strength 
development. 




Fig. 2.13. (a) Micrographs of Al4 wt.%Cu with a. no grain refinement and b. 0.05% Ti; (b) effect of grain refinement 
on the strength versus fraction solid of the same Al 4 wt.%Cu (reproduced from [81]). 
Phase segregation during compression and extrusion 
Compression studies using parallel plate compression [52, 108, 109, 115, 116], a dropforge 
viscometer (where the upper platen—similar to the one in a parallel late compression 
experiment—is allowed to fall under the effect of gravity) [106], extrusion and backward 
extrusion [105] have all been studied for various loading rates, both slow and rapid. It emerges 
that slow loading modes (displacement rates of Tm s1) lead to the occurrence of 
macrosegregation, whereby liquid flows to the outer edge of the compressed specimen while the 
solid region compresses in the middle.  
Parallel plate compression 
Fig. 2.14 shows a typical example of this form of macrosegregation for parallel plate 
compression. This is worse for dendritic specimens, and only occurs at true strains of more than 
80% for globular specimens. This sort of behaviour may be likened to the behaviour of a liquid





Fig. 2.14. Microstructure of dendritic Sn15 pct. Pb compressed to a strain of 0.7 at a strain rate of 1.33 × 102 s1 
showing the segregation of the eutectic. Magnification:  × 14 (adapted from [109]). 
At higher loading rates, no segregation typically occurs and deformation is homogeneous: 
this is because the liquid doesn’t have time to respond to the deformation by flowing outwards 
[107]. Additionally, at very high solid fractions (typically >80% solid) or at very high loading 
rates, cracks occur through the deformed sample [52]. 
The compressive behaviours are thus largely dependent on the solid fraction and the 
morphology of the crystals: the solid fraction needs to be large enough ($zglobular ± 0.5) for the 
specimen to be able to support its own weight in the partially solid state as it is deformed. 
Because the microstructure becomes more spheroidal the longer the time spent isothermally 
holding the specimen before deformation and the higher the temperature, this will affect the 
apparent viscosity measured. Chen and Tsao [107] have suggested a phenomenological 
framework of compressive deformation of globular alloys in the partially solid state, which is 
illustrated in Fig. 2.15. They suggested four stages of flow: they distinguished between the 
liquid flow mechanism involving the lateral flow of the liquid while the solid phase compacts 
itself in the middle, producing a segregation of the liquid at the outer edge of the specimen 
(shown in Fig. 2.15(1)); the liquid flow with solid particles whereby both the liquid and the solid 
particles move cooperatively (shown in Fig. 2.15(2)); the sliding between solid particles where 
the particles move relative to one another (shown in Fig. 2.15(3)); and the deformation of solid 
particles involving overcoming the yield strength of the particles (shown in Fig. 2.15(4)). These 
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mechanisms are in increasing order of deformation stress required to initiate them, and in 
decreasing order of dependence on time. In other words, while the liquid flow mechanism 
requires the least stress it also requires the longest response time since liquid must flow to the 
outside. 
 
(1) (2) (3) (4) 
 
Fig. 2.15. The four main deformation mechanisms during compression of partially solid alloys, as postulated by Chen 
and Tsao (adapted from [107]). 
Semi-solid extrusion 
Extrusion and backward extrusion [105, 108] are both characterised by a stress response 
exhibiting a peak followed by strain softening region and a steady state. The initial increase in 
stress is characteristic of a ‘matrix compaction’ response whereby only liquid is squeezed out of 
the extrusion die. After the peak in stress, homogeneous flow of a [liquid + solid grains] mixture 
followed with a steady stress. The solidliquid segregation through the die is worse at slow 
extrusion speeds, while there seems to be a ‘critical’ compaction value after which, independent 
of extrusion speed, the specimen will extrude a homogeneous mixture of liquid and solid 
globules. 
2.3.4   Models of semi-solid deformation 
A nonexhaustive summary of some of the modelling approaches to semisolid alloy 








The mushy zone in semisolid alloys has traditionally been described using constitutive 
equations in a continuum framework. These equations describe a solid skeleton in a liquid 
matrix. All models contain at least one structure parameter which is used to describe the 
evolution of the microstructure during deformation, specifically the change of its degree of 
cohesion. These parameters naturally vary depending on the modelling approach and its initial 
assumptions: best fit of the experimental data must complement assumptions that are 
grounded in reality. 
One approach assigns an elastoviscoplastic response to the mushy zone and assumes a fully 
cohesive, continuous solid skeleton surrounded by liquid before deformation [114], where the 
liquid is characterised as a Newtonian fluid. As strain increases, the solid skeleton is made to 
break down into a concentrated suspension which is nonNewtonian. Early models ascribed 
only a viscoplastic response to the solid skeleton [112, 117], but very early stress stages are 
better captured by using elastoviscoplastic equations to describe the cohesive saturated solid 
skeleton. In this case, the microstructure parameter i is a function of the shear rate of the 
solidsolid bonds iekQPN, which break when reaching a critical value iE [112]. The shear rate of 
the solid bonds, in this case, is a function of the Von Mises equivalent strain rate. This 
approach requires many empirical material parameters, for example the deagglomeration rate, 
the strain rate sensitivity of the saturated skeleton, and the critical value of the solidsolid 
bond failure. 
In a similar vein, another continuum approach treats the mushy zone as a compressible 
viscoplastic porous medium saturated with liquid and exhibiting apparent strain hardening 
[118, 119]. This sort of model also originates from the interpretation of semisolid alloys as 
viscoplastic porous isotropic solids [120] but ascribes a cohesion parameter > to the porous solid 
skeleton, where > represents its state of cohesion [111, 118, 121]. > varies between > = 0, which 
is equivalent to a material where the dendrites are fully wetted by the liquid and the skeleton 
is cohesionless, and > = 1, where the material is a fully cohesive porous skeleton containing 
Mushy zone mechanics 
 
69 
isolated pockets of liquid. > can be decoupled into two mechanisms: (1) ², which is used to 
describe both dendrite entanglement and the formation of solidsolid bonds, and (2) D,  which is 
used to describe the decrease of cohesion. D can manifest itself differently depending on the 
mechanism thought to be driving the decrease in cohesion: either (1) local fracture of the 
dendrites, where in this case D increases with the microscopic strain rate )eLHEmQ which operates 
at the scale of the dendrites only, or (2) disappearance of the dendrite contacts through 
rearrangement, where D increases with the macroscopic strain rate )eC [118]. This approach 
involves stress increasing with strain via two mechanisms: (1) the rearrangement of the solid 
dendrites and (2) the strain hardening of the solid phase. For solid fractions ranging from 63% 
to 80%, this sort of model predicts the domination of the dendrite rearrangement mechanism 
[118]. This approach also requires many parameters that can only be determined via 
experimental measurements, such as rheological functions that govern the evolution of >. This 
approach also posits that the effect of coalescence should only be taken into account during 
tensile deformation [119].     
All continuum approaches therefore involve globular semisolid grains initially being 
agglomerated before deformation and subsequently deagglomerating with increasing strain. 
The main difference is the degree of agglomeration, i.e. the degree of cohesion, of the solid 
phase before deformation.   
This agglomeration/deagglomeration approach was mainly developed to understand the 
behaviour of semisolid suspensions that were being significantly sheared: as reviewed above, 
shearing a solidifying alloy caused growing crystals to be globular, collide with each other and 
subsequently weld in agglomerates of a size specific to that of the strain rate at which the alloy 
was being sheared. Increasing or decreasing the shear rate then either respectively decreased 
or increased the size of the agglomerates with time via welds breaking or new welds forming 
until the agglomerate size reached a new steady state. This corresponded to a decrease or an 
increase in stress which peaked then tapered off to a plateau. This is only possible for alloys 




While these continuum approaches may adequately describes parts of the stressstrain 
curves in specific loading modes, with the first model being specifically geared towards the 
initial and middle stages of uniaxial compression in aluminium alloys with a globular shape, 
each representative elementary volume RVE of the models contains both solid and liquid 
phases, which interact using these constitutive equations.  They therefore do not capture any 
strain inhomogeneity at the grain level, and make modelling of crack initiation and 
propagation difficult. 
Discrete and continuum coupled models 
More recently, a combination of a more microstructural approach with finite element 
modelling has been developed [122]. Early trials used a regular arrangement of grains which 
did not reflect real alloys [123]. By using a random set of nuclei and a 2D solidification model 
[124], irregular 3D grain arrangements can be obtained, and the stressstrain behaviour in the 
semisolid can be predicted for a given solid fraction [125]. This approach consists of equiaxed 
solid grains surrounded by liquid films or channels. With increasing solid fraction the liquid 
channels narrow, but coalescence is only set to occur once the liquid channels are below a 
critical width  of 0.4% of the average grain diameter [73]. This is not physically accurate 
because liquid films only a few nanometres in size have been observed at the end of 
solidification. They are, however, highly viscous, and hamper grain rearrangement by ‘sticking’ 
the grains together [126].  The model thus predicts increasingly larger welded clusters with 
increasing solid fraction. While deformation is concentrated in the liquid films up until 94% 
solid fraction, solidsolid bridges start forming after that and the grain clusters start dictating 
the deformation behaviour [73]. In this model, the solid itself is also elastoviscoplastic: the 
mechanical behaviour of the free solid grains, however, is very minor before 94% fraction solid 
because the deformation is accommodated by the liquid, and after that each solid cluster is 
modelled using idealized isotropic elastoviscoplastic constitutive equations. This approach 
emphasises the role of the liquid films between two grains: they are modelled using flexible 
connector elements consisting of one linkspring element and one axial damper element. The 
Mushy zone mechanics 
 
71 
linkspring element simulates the hydrostatic pressure in the liquid and controls the tensile 
pressure required to separate two grains, while the dashpot element simulates the viscosity 
effects in the intergranular liquid and thus controls the shear forces between two grains. The 
spring constant and damping coefficient are determined by comparison with experimental data 
and a fitting of simulated curves.  
2.3.5 Granular deformation 
Fig. 2.13 suggests that semisolid deformation occurs at constant volume, as is the case for 
the deformation of fully solid metals and liquid metals. However, recent experimental studies 
have shown that semisolid alloys can undergo significant volumetric strains [8, 11] which 
cannot be accounted for in the modelling approaches and conceptual frameworks reviewed 
above. Instead, large volumetric strains are characteristic of granular materials, such as water
saturated sand. Occasionally, semisolid deformation studies have suggested granular 
behaviour might occur in alloys [7, 49, 127, 128] but it has only been in the last ten years that 
focused research has begun exploring semisolid alloys as granular materials [8, 11]. 
The fundamentals 
Granular materials—and the granular state—differ significantly from conventional liquids, 
solids, and gases in their behaviour. As a primary definition, they are composed of a large 
conglomeration of macroscopic particles that can either be noncohesive or partially cohesive. In 
the noncohesive state, the only forces between the particles are repulsive, implying the shape 
of the conglomeration is determined by external boundaries and gravity only. A cohesionless 
granular material occurs when it  is either literally dry (either in a vacuum or in air, whose 
effect may be considered negligible [129]), or it is fully saturated with a liquid, forming a slurry. 
In the latter case, the pressure provided by the liquid must be equal to, or higher than, the air 
pressure. The viscosity of the liquid and its lubrication in solidsolid friction are two factors 
which gain great importance in dynamic loading of wet granular media via their shear rate




which case the liquid provides cohesion via liquid bridges between the particles and/or filled 
pores or due to menisci at the liquidair free surfaces, as illustrated in Table 2.2. The most 
important contribution of the liquid is cohesion because it sucks particles together by trying to 
minimise its gasliquid surface area. 
Table 2.2. Granular media with different amounts of liquid[131, 132]. In the third column, particles are represented 
by the filled black circles while the interstitial liquid is represented in grey (adapted from [130]). 
Liquid 
content 
State Schematic diagram Physical description  
no dry 
 
Cohesion between grains is negligible. Noncohesive 
small pendular 
 
Liquid bridges are formed at the 
contact point of grains. Cohesive forces 




Liquid bridges around the contact 
points and liquid filled pores coexist. 






Almost all the pores are filled with 
liquid, but the liquid surface forms 
menisci and the liquid pressure is lower 
than the air pressure. This suction 




The liquid pressure is equal to, or 
higher than, the air pressure. No 




The natural state of a dry granular material is a static configuration because particle 
collisions are inelastic. This implies the effective “granular temperature” is zero: granular 
materials can be described as dissipative dynamical systems where the thermodynamics are 
irrelevant because temperature does not induce particle movement [133]. They are inherently 
inhomogeneous systems where the stability of the system is a consequence of a nonuniform 
force network [134] shown in Fig. 2.16. One example of this inhomogeneity manifests itself 
through arching, or vaulting, which is the natural appearance of stable arches in a random 
configuration of grains enabling the creation of a void underneath it, i.e. a region of decreased 
packing fraction. It is a characteristic of granular materials and not seen in conventional 
molecules where Brownian motion and thermodynamic effects preclude the formation of such 
static structures. These arches are stable and do not degrade over time because particles are 
Mushy zone mechanics 
 
73 
either in mechanical equilibrium under their own weight, or because a load is evenly 
distributed over the entire edifice [135] . 
 
Fig. 2.16. Force chains in a granular material (adapted from [136]). 
A granular material’s characteristic rigidity and flow is determined by the packing density of 
its constituent particles. The minimum random packing fraction, or random loose packing limit 
RLP of uniform spheres for which a granular material is mechanically stable, has been 
determined to be 0.555±0.005 by letting spheres settle in a fluid. It can be defined as a 
continuous network of touching spheres able to withstand an applied force § [137], where the 
stresswithstanding network path encloses virtually stressfree regions [138]. The maximum 
random packing or random close packing limit RCP, on the other hand, has been determined to 
be 0.635±0.005: it requires careful preparation involving many tapping and compression cycles. 
The highest packing density that can be obtained with monodisperse spherical particles is 
assumed to be 0.74, which corresponds to ordered closepacked hexagonal and cubic structures 
(i.e. hcp and fcc crystal structures). As there is no real driving force for spheres (or any other 
type of noncohesive nonmagnetic macroscopic particle) to truly form a crystalline 
arrangement, the RCP is the highest packing obtainable; just pouring spheres into a container 
without subsequent tapping or compression results in packing fractions of around 0.6. Partial 
crystallisation is possible, though, with packings slightly higher than the RCP, if a box is 
horizontally shaken while spheres are dropped in it randomly [139]. This involves another 
characteristic of granular materials, fluidisation, which will be examined in the next 
paragraph.  
An important mechanical phenomenon in granular materials is Reynolds’ dilatancy, whose 
onset has been linked with the RLP [137]. Dilatancy, as described by Reynolds in 1885, implies 




deformation [140]. This is shown in Fig. 2.17. It stems from the need of a densely packed 
material to make space for passing grains: the packingdensity of the moving material is thus 
lower than the packingdensity of the initial bulk material because expansion is required for 
internal shear to take place. This gives the initially counterintuitive result that the application 
of a shear strain generates a volumetric strain in compacted granular materials. Note that the 
phenomenon in Fig. 2.17 is not shown in Fig. 2.15. 
 
Fig. 2.17. A network of jammed rigid spheres in a liquid (A) is compressed in (B) and the spheres push each other 
apart causing the assembly to increase its volume, i.e. dilate, as the spheres move. This is evidenced by the increased 
volume of liquid between the spheres (adapted from [141]). 
As a consequence of dilatancy, several characteristics of dry granular materials emerge.  
Fluidisation, or the granular ‘solidfluid’ transition, is the transition point between solidlike 
and fluidlike behaviour for a granular material. It is not well understood, but it is known to 
involve moving from a stickslip behaviour in the solidlike state to a smoother ‘flow’ behaviour 
in the fluidlike state. Stickslip motion in granular materials manifests itself only during the 
solidlike state under low shear rates, where only a small portion of the granular assembly 
contributes to flow. This small flowing portion has been demonstrated to be between 6 and 12 
particle diameters in simulations by Thompson and Grest [142] and can be considered a band of 
decreased packing fraction. The stickslip motion itself arises from the periodic dilatancy 
followed by gravitational compaction of the granular material under shear, and manifests itself 
as an apparent frictional force [142].    
Segregation of a granular material results when different sized granules are being mixed 
(e.g. in a rotating drum, during the filling or emptying of a silo, when being vibrated and 
shaken, or poured in a heap [133]): it is a strong function of particle size, with the large 
particles segregating at the top and the smaller ones sinking at the bottom of the moving layer. 
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It is also a function of particle shape, with faceted particles segregating at the top of the heap. 
It occurs as a result of dilatancy, which decreases the density in a layer at the surface of the 
heap and creates voids that change with particle motion. These voids can be more easily 
accessed by smaller and rounder particles. 
In summary, the most important feature of dry granular materials is the inherent 
characteristic of the packed state to exhibit dilatancy (often termed shearinduced dilation). 
Depending on the manner in which the granular material is deformed, this dilatancy manifests 
itself as either a 612 particle diameters band of decreased packing fraction (during shearing 
and avalanches) or a convection roll (during vibration and shaking) which shows a dilatant 
band as a consequence. 
Mechanical response of granular materials 
Traditional testing methods and soil response 
The shear box experiment is among the simplest ways to test the direct shearing capacity of 
soils. It consists of a box split into two halves upon which a normal force is exerted after a 
granular material such as a particulate soil is placed in it [143147]. A shear stress is then 
applied to the top half of the box until what is considered failure of the specimen. Failure occurs 
approximately along the plane of split of the shear box and is accompanied by a change in 
height, i.e. a volume change [143147]. An example of a shear box is shown in Fig. 2.18. 
 
Fig. 2.18. a) Shear box apparatus (adapted from [148]); b)(i) schematic deformation of a shear box sample showing 





Other tests include triaxial shear tests or torsion tests. In triaxial shear tests, granular 
material such as sand, gravel or clay is placed in a cylindrical latex sleeve with plates closing 
off the top and the bottom ends. This sleeve is then placed in a bath of fluid (e.g. water, oil) 
which exerts a confining pressure around the sides of the specimen, and the top plate may be 
driven up or down to shear the specimen.  In torsional ring shear tests, granular material is 
confined by metal rings and top and bottom platens, which may be either moved vertically to 
consolidate the specimen or sheared by rotating one of the platens while the other remains 
stationary [149].   
For highly packed dry sand, the shear box physical responses are shown in Fig. 2.19 for both 
dense and loose soils. These soil responses are similar for all tests mentioned above, with the 
mechanical responses recorded shown in Error! Reference source not found..  
In densely packed sand, the resisting shear stress increases with shear displacement until a 
peak shear strength is reached at a failure stress of u]. The resisting shear then decreases until 
a steady state value called the ultimate shear stress is attained for ever increasing shear 
displacement. In all tests, there is a bulk decrease in packing fraction manifesting itself along a 
shear plane (the plane of split of the shear box, a developed shear band in a triaxial test, and 
the plane of split of the torsional ring test). This is a sign of the necessary Reynolds’ dilation a 
compacted granular material must overcome in order to shear. The decrease in shear stress 
after the peak shear strength is due to the decrease in bulk packingdensity of the specimen 
along the shear plane, which weakens it [143147]. In loosely packed sand, the resisting shear 
stress increases with shear displacement until a failure shear stress u] is reached, after which 
the stress is constant for increasing displacement. Additionally, the lid moves downwards due 
to compaction of the loose sand during shear [145, 146]. 




Fig. 2.19 Physical response of well packed or loosely packed soils during a shear box test (adapted from [146]). 
As seen in Error! Reference source not found., both highly compacted and loosely 
compacted sands approach what is commonly referred to as a critical state packing fraction 
[147] once they reach a residual shear stress which remains constant with further 
displacement: this residual shear stress is lower than the peak stress for highly compacted 
granular materials but above loosely compacted granular material strength. At this point, the 
specimen has a packing density (solid fraction) at which continued shear can take place without 
further changes in volume.  
Drained shear experiments can also be conducted in a liquidsaturated granular material at 
low shear rates, where a material such as watersaturated sand or clay is allowed to drain as it 
is sheared: the platens can be equipped with two porous stones that allow the excess water 
generated from the higher pore water pressure to drain out of the apparatus (shear box, 
torsional ring, or triaxial setup) [143]. Dilation and compaction occur in order for the 
particulates to reorganise to a packing containing a critical void ratio: in the case of the loose 
sand, compaction is needed for the void ratio to decrease to reach the critical state, and vice
versa in the case of compacted dense sand which requires loosening of the packing. In addition, 
in the case of a saturated and dense sand specimen, dilation is accompanied by the 
development of a decreased pore water pressure which draws in water from the surroundings to 
the dilating region [146]. The contrary occurs for loosepacked sand, which expels water in 
order to reach the critical void ratio. 




For a given soil, by varying the normal effective stress s′ (i.e. the stress exerted on the lid in 
the shear box test in Fig. 2.18 (a) and (b)) or the confining pressure, the critical state reached 
will change, both in terms of packingdensity (solid fraction) and in terms of steadystate shear 
stress. Critical state soils theory, as first described in 1936 [150] and developed by Roscoe, 
Schofield and Wroth [151]  states that, when sheared with a normal effective stress s′ and 
shear stress u , a soil will eventually reach a critical state at which any further shear strain is 
not accompanied by an increase in specific volume. The combination of normal effective stress 
s³, shear stress u and specific volume 5 (reciprocal of solid fraction) at the critical state lies on a 
unique line, the Critical State Line, that represents the combination of  s³ and u that would 
cause failure.  
It must be noted that the direct shear test and torsional shear test do not allow the soil to 
fail on its weakest plane but forces it to fail along the plane of split of the apparatus. In 
addition, the shear stress distribution may not be uniform over the shear surface of the 
specimen. Dilation occurs in a narrow region adjacent to the failure ‘plane’ or split plane, where 
the dilation region is around ten particle diameters in width and effectively corresponds to a 
failure band where the shear has localised. Finally, the movement of particles during shearing 
involves rotations and the relative movements of grains. 




Fig. 2.20 Typical shear test results: a) shear stress  vs. shear strain ; b) volumetric strain  vs. shear strain ; c) 
volume  vs. shear strain  (adapted from [147]). 
 
Micro-mechanisms of strain localisation in granular materials 
As stated in the previous section, a compacted granular material in a plane strain test 
deforms in a homogeneous manner first before a peak stress is attained and the deformation 
then localises into narrow bands or shear bands, causing the stress to drop to a residual state. 
Many prior studies have been performed to understand shear banding using both in situ 
observations via Xrays, white light and optical microscopy [152154], and numerical 
simulations. While a full understanding of the mesoscale mechanisms of shear banding is still 
lacking, the buildup and collapse of force chains in a granular network has been postulated to 
be the reason behind the continuum stressstrain mechanical response of a compressed or 
sheared granular material. 
Introduced by Iwashita and Oda [153, 155], columnlike chain structures composed of highly 
stressed particles were identified in simulations of a compressed granular material, implying 
the stress is not equally sustained by all particles but is instead heterogeneously transmitted 




Surrounding these force chains is a weak particle network composed of unloaded or weakly 
loaded grains. Force chains have also been observed in twodimensional biaxial compressions 
and simple shear tests [156, 157]. The kinematic activity of grains within the force chains (i.e. 
the grain displacements in 2D or  3 D and the grain rotation) is concentrated within the shear 
band [158] and shows a heterogeneous deformation as a result of the confined buckling of these 
force chains [159]. As the primary force chains are sheared along the band, the adjacent 
particles ahead of the force chains are ‘snow ploughed’ into each other and cause a local 
volumetric contraction with axial compression of the force chain, leading to its buckling. This is 
accompanied by significant particle rotation. Because the material is noncohesive, the force 
chains separate from the adjacent weak network particles, creating regions of dilation and 
large voids [153, 155, 158]. 
 
Fig. 2.21. Proposed force chain behaviour manifested in observed mesoscale kinematic patterns: a) primary force 
chains in bold just after shear band formation at a time , with the adjacent weakly loaded particle network; b) 
same force chains at a later time  during force chain buckling; c) mesoscale kinematics resulting from local 
particle configuration changes from  to  (adapted from [158]). 
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Recent experiments suggest no distinct buckling events occur during strain softening, while 
the transition from softening to a residual critical stress state is due to a coordinated multi
force chain buckling event [158]. Thus it has been proposed that force chains initially form in 
the shear band at around u°OFX, and collectively buckle during the strain softening regime: the 
transition from the strain softening to the residual critical stress state is due to simultaneous 
collapse of these force chains. Once the critical state is reached, force chain forming and 
buckling events continue in a random manner as dictated by local structural stability, implying 
there is a dynamic equilibrium between continual buildup and collapse of force chains. Other 
xray experiments reveal strain localisation begins before u°OFX and indicate a wide, diffuse 
band progressively thinning to a band of a 17 mean grain diameter width after the peak stress 
[154]. Rotation is also shown to play an important role, as grains in the band show a very high 
rotational acceleration during shear band initiation while grains elsewhere do not.      
Granular response in partially solid alloys 
Similar to the compacted granular materials reviewed above, it has been shown that 
partially solid alloys exhibit shearinduced dilation when deformed above dendrite coherency 
and that deformation localises into dilatant shear bands ~620 mean grains wide [8, 9]. A 
typical rheological response from a vane rheometry experiment conducted on an equiaxed 
solidifying alloy at a solid fraction higher than dendrite coherency is shown in Fig. 2.22. Note 
that this rheological response has been shown to be essentially the same in Mg alloy AZ91 [9] 
and Al alloy Al10Cu (wt.%) [11]. It can be seen that initially, there is a volume expansion 
accompanying the increasing shear resistance and that, after a period of strain softening, 
rotation continues at steady values of torque and volume. Note that in some experiments there 
is a slight decrease in volumetric strain after the peak stress and before the steadystate 
condition (as in Fig. 2.22 (a)), and in other experiments the volumetric strain remains constant 





Fig. 2.22 a) the rheological response with the volumetric change (red) during shear; (b) the expansion of an assembly 
of compacted particles undergoing shear and exhibiting particle rearrangement via Reynolds’ dilatancy where (³, ) 
is the effective stress acting on the solid network and 
 / is the volumetric strain (reproduced with permission 
and adapted from [9]). 
Granular deformation requires a low degree of crystalcrystal cohesion. It has been argued 
that this is to be expected [9]. If the orientation between two crystals results in surface energies 
following i < 2i=, narrow bridging occurs between the dendrite arms in the form of a solid
solid interface, i.e. a weld, characterised by a neck of a certain area which will tend to increase 
with time as a result of coarsening. For a range of alloys the percentage of existing stable solid
solid boundaries has been approximated to 17% [66, 160, 161]. This can be taken to indicate 
that the amount of favourable welds in a randomlyorientated assembly of crystals in liquid is 
17% [9]. This points to a low degree of intercrystal cohesion and allows the network of crystals 
in contact after $EQR to be thought of as independant and cohesionless ‘particles’.   
The rheological response in Fig. 2.22 has been interpreted as the rearrangement of crystals 
in a cohesionless crowded crystal network and the development of strain localisation [8, 9, 162]. 
Rearrangement of the crowded crystals causes individual crystal envelopes to push each other 
apart and the specimen to expand [8, 9, 162] as depicted schematically in Fig. 2.22 (b). This 
corresponds to the linear part of a typical shear stressstrain response and volume strainshear 
strain response (e.g. Fig. 2.22 (a)), with the stress increasing nearlinearly with displacement 
because additional force is required to lever the crystals further apart. By definition, Reynolds’ 
dilatancy decreases the solid fraction in a specific region of the specimen and thus makes it 
weaker, promoting inherent solid fraction inhomogeneities and leading to strain localisation 
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into dilatant shear bands. Reynolds’ dilatancy in equiaxed partially solid alloys manifests itself 
as a measurable increase in volume during shear and a band of decreased solid fraction. Both 
these result from the crystals levering themselves apart where they are pushed into each other 
during shear, creating the additional space they require to rearrange. 
It is thought to be the localisation of deformation which causes the strainsoftening part of 
the stress versus displacement curve; a lower solid fraction is reached in the shear zone, within 
which crystals do not need further dilatancy to move past one another. Any further deformation 
is then assumed to occur within the shear zone where the crystals are intensely rearranging 
while the solid on either side of the shear band can be thought of as quasirigid. 
This shear zone has been shown to take on the form of a band in vane rheometry 
experiments [8, 9, 163], direct shear cell experiments, and gravity flow through casting. During 
semisolid deformation the shear band is a region of higher liquid fraction (lower solid packing
density).  Subsequent solidification then determines the final appearance of this region.  If the 
liquid remains in the band, it becomes a band of positive macrosegregation (a band of higher 
eutectic fraction in most casting alloys).  This has been found to be the case in AlSi and AlCu 
alloys [11, 163, 164].  In alloys with a long freezing range and low eutectic fraction, the higher 
liquid fraction is drawn away to feed the shrinkage/contraction occurring elsewhere late during 
solidification, (i.e. it can act as an effective “hotspot”) and is therefore prone to porosity. This 
has been found to be the case in MgAl alloys [8, 9, 162]. Porosity formation is reviewed in a 
later section.  While these simple laboratory experiments reviewed above have attributed strain 
localisation and subsequent shear band formation to Reynolds’ dilatancy, there has been recent 
work focused on drawing parallels between defect bands found to form during industrial 
castings to the mechanism of dilatancy.    
Gourlay et al. have proposed that defect bands in industrial highpressure die castings 
(HPDC) and Thixomoulding® are also dilatant shear bands because they exhibit narrow bands 




as AlSi7Mg contain bands of positive macrosegregation and Mg casting alloys such as AM60 
and AZ91 contain bands of porosity, as shown in Fig. Fig. 2.23. Using the specific thickness of 
shear bands found in castings, Otarawanna et al. [165] have confirmed the width of shear 
bands in highpressure die castings falls within the range of 7 to 18 mean grain diameter thick, 
which is the range of dilatant shear bands in laboratory semisolid deformation tests and 
common granular materials, as shown in Fig. 2.24. Dilatant shear banding in HPDC and SSP 
has been explained based on the fact that HPDC combines both numerous small lowbranched 
equiaxed crystals that will be crowded when at high solid fraction with externally applied 
deformation during filling and during the intensification stage of casting.  
 
Fig. 2.23. a) and b) are Mg9Al
0.72Zn vane rheometry specimens 
showing a porosity band around the 
steel vane (courtesy of C.M. 
Gourlay); c) and d) are positive 
macrosegregation bands in Al7Si
0.3Mg seen in a direct shear cell 
experiment; (reproduced with 
permission from [8]); e) and f) show 
highpressure die casting defects 
bands: e) is a porosity band in Mg
9Al0.72Zn (courtesy of C.M. 
Gourlay) and f) is a 
macrosegregation band in an Al7Si
0.3Mg (courtesy of C.M. Gourlay). All 
bands can be seen to be within the 7 
to 18 mean grain diameter width 
characteristic of dilatant shear bands 
[8, 163]. The red arrows (as well as 
the black arrows only in c)) indicate 
shear flow direction. 
 




Fig. 2.24. Shear band thickness " versus particle size in 
the shear band 
# from alloys and other common 
granular materials. Alloy data shown (black triangles) 
are from bands of porosity and macrosegregation created 
in the commercial casting process HPDC, and from three 
laboratory experiments: vane rheometry, a direct shear 
cell, and a gravity flowthrough die casting technique. In 
all experiments, the bands are 7–18 mean grains thick. 
Experimental results from the literature (crosses) on the 
thickness of dilatant shear bands in common granular 
materials. The "/
# relationship for shear bands 
formed during equiaxed alloy solidification is consistent 
with that in granular materials (reproduced with 




Recently, direct evidence for granular deformation phenomena in semisolid alloys has come 
from synchrotron tomography of thin samples undergoing direct shear [10, 12, 166, 167]. Fig. 
2.25 shows shearinduced dilation occurring in semisolid Al15Cu (wt.%) at $~60%. The five 
globules labelled AE can be seen to push each other apart as they rearrange, opening up 





Fig. 2.25. (a)(c): synchrotron 
radiographs of a local region 
during directshear of Al
15wt%Cu. (d) and (e): 
projectedarea outlines and 
centroids of five globules in 
(a) and (c). (f) centroid 
displacements from (d) to 
(e).  (g) and (h): 
Triangulation of the globule 
centroids. The values in (h) 
are the % area change of the 
triangles from (g).  (i) 
Overall area change of the 
polygons = 10.1% dilation 
(adapted from [168]). 
Recent work, therefore, has shown equiaxed semisolid alloys deform with granular 
characteristics [8, 9, 11] with the most striking feature being that specimens increase in volume 
when they are sheared under different loading modes. While the recent modelling approaches 
such as the discretecontinuum coupled approach reviewed earlier model the grains in a 
discrete and granular manner by assuming there is no cohesion between the grains, none of the 
current metallurgical models take into account granular phenomena such as volumetric strain. 
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2.4 Porosity in castings 
Porosity significantly decreases the fatigue life and ductility of castings by promoting 
initiation of premature fractures [15, 80]. The two main causes of casting porosity—dissolved 
gas evolution and solidification shrinkage—usually act simultaneously. Both types of pores are 
illustrated in Fig. 2.26. 
 
Fig. 2.26. Optical micrograph of an unetched AM60 magnesium alloy showing both gas porosity (round dark regions) 
and shrinkage porosity (starburst dark regions) (reproduced with permission from [169]). 
A typical feature of shrinkagedominated porosity is either a starshaped clustered pattern 
or small individual pores clustered together in 2D metallographic sections. These fine pores in 
the interstices of the primary dendrites are usually part of a larger tortuous interconnected 
pore network, and arise from feeding difficulties towards the end of solidification. Their 
formation is due to the difference in densities of the liquid and solid phases, with the liquid 
phase being less dense than the solid phase; this results in volume shrinkage during 
solidification, which draws the flow of liquid through the interdendritic network to compensate 
for it. This causes a large pressure drop, especially in alloys with a large freezing range and a 
low fraction of eutectic (the order of 20% and lower) [15, 80], where interdendritic channels 
become numerous and very small late during solidification. The welldeveloped dendritic 
network towards the end of solidification makes feeding difficult as the solid is densely packed.  
Gasdominated porosity formation, on the other hand, can occur during the early stages of 
solidification and depends on the concentration of dissolved gases in the melt. In the case of Al 
alloys, hydrogen is the main dissolved gas whose evolution is a concern: adsorbed at the surface 




seen in Fig. 2.27. Evolution of hydrogen to form pores is encouraged because of two main 
reasons: (1) the solubility limit in both the solid and the liquid decreases with temperature (Fig. 
2.27), and (2) the local gas content of the liquid increases with decreasing temperature (during 
solidification) because hydrogen is rejected into the remaining liquid as solidification takes 
place (as the solubility limit of hydrogen in solid Al is low (Fig. 2.27)). 
 
Fig. 2.27. Hydrogen solubility in aluminium and two of its alloys, showing the abrupt fall in solubility on 
solidification [80]. 
Lee and Hunt [170] used xray radiography and tomography to visualise porosity formation 
in situ in directionally solidified AlCu alloys. It can be argued that the alloy in question has a 
solidification interval of only 10K which makes shrinkage porosity unlikely—any type of 
porosity observed is thus likely to be gas porosity [15]. Their experiments showed an air bubble 
present on the side of the mould detach and become trapped between the growing dendrites 
during solidification. Buoyancy forces then moved the air bubble towards the solidification 
front, where it became an ellipsoidal pore before the eutectic front passed around it. Pores in 
which gas evolution dominates can thus be said to (1) appear early on in the mushy zone 
depending on gas content, (2) be obviously associated with some kind of gaseous solute 
partitioning, and (3) be nearspherical, because they grow in a relatively open network of 
dendrites. Their size varies from 1 Tm to a few mm, and the developing dendrite network grows 
around them. In brief, the solidification process sees all the favourable conditions for gas 
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evolution leading to bubble nucleation and growth: hydrogen atoms are being rejected into the 
liquid along with other solute elements because their coefficient of solubility in the solid metal 
is very low, while a temperature decrease associated with the pressure drop through the mushy 
zone causes a decrease in its solubility. Both these factors thus lead to effective gas evolution. 
A certain degree of supersaturation of the liquid is required for pore nucleation. 
Homogeneous nucleation of gas bubbles is practically impossible, as the interfacial energy i=_ is 
too large. The pressure inside a spherical bubble of radius b° is given by [15]: 
 ^_ = ^ℓ + 2iℓ_b°  (2.21)  
where for a radius of only a few nm, ^_ − ^ℓ has a magnitude on the order of the GPa for 
iℓ_ = 1 J m2. Thus foreign substrates which promote heterogeneous nucleation must be the 
way in which gas porosity is nucleated. Because the advancing solidliquid interface is perfectly 
wetted it is not a good candidate for heterogeneous nucleation [80]; foreign substrates such as 
entrained oxides or other impurities poorly wetted by the melt are much better candidates. 
Nucleation of gas pores is also very likely to be athermal via a gas that is already present at the 
surface of the impurity (for example, if an oxide was at the surface of the melt before being 
stirred into it). In Al alloys, Al2O3 folded bifilm have trapped gases which can then emerge as a 
spherical cap as the pressure decreases [80]. It must be noted a small amount of 
supersaturation is still needed for the cap to grow.    
For early gas pores, the pore curvature and internal pressure are uniform because of the 
spherical shape: this means some supersaturation is needed in order for these pores to form. 
For pores formed late during solidification, however, and which must grow constrained in the 
welldeveloped dendritic network, the pore radius of curvature is continuously decreasing as 
the last liquid solidifies. This imparts a complex shape to the pore, which is thus defined by the 




that diffusion of the gaseous species from the supersaturated medium to the pore surface occurs 
through the interdendritic liquid.  
Both gas and shrinkage porosity obey the same set of equations that describe the pressure 
drop in the mushy zone as a consequence of feeding and precipitation of dissolved gases. A 
common way for the pressure drop in the mushy zone to be modelled is using Darcy’s Law: 
 µ = − ¶<· (Δ¬\ ) (2.22)  
where µ is the apparent or Darcian flow rate in m3s1, ¶ is the permeability in m3, < is the 
crosssectional area in mq, · is the dynamic viscosity in Pa.s, Δ¬ is the pressure drop and \ is 
the length over which the pressure drop takes place. 
In summary, the formation of gas porosity early on during solidification prompts only a very 
small pressure drop in the mushy zone (approximately a few kPa with no pore formation) with 
curvature not being an important part of the shape. In contrast, shrinkage pores are 
characterised by a much larger pressure drop (around a few 100 kPa with no pore formation) 
while curvature contributes very importantly to their shape. 
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2.5 Summary of past work on semi-solid deformation 
This review has demonstrated the following key features of semisolid deformation: 
 Equiaxed grains in the semisolid regime can be defined in terms of their crystal envelopes, 
i.e. the envelope that can be drawn by connecting the extremities of the crystal. Crystals with a 
higher liquid fraction within their crystal envelope come into contact with their neighbours at 
lower solid fractions. 
 Coherency is defined as the solid fraction at the onset of shear and compressive strength in 
semisolid alloys. Solid fraction at coherency ($EQR) is highly dependent on crystal morphology: 
extremely dendritic crystals see their crystal envelopes come into contact at $EQR ≈ 15%, while 
globular crystals show the latest coherency onset at $EQR ≈ 55%, where they are akin to 
disordered spheres coming into contact. This value of $EQR mirrors the minimum random 
packing fraction of spherical granular materials, for which a granular material is defined as a 
continuous network of touching spheres. 
 On average, separate grains require some undercooling for the formation of solidsolid grain 
boundaries as they exhibit large misorientation angles (i_k ≈ 2.2i=). 
 Isothermal coarsening is a common way of obtaining a more globular microstructures from 
initially equiaxed or columnar structures. 
Before coherency:  
 The semisolid metal is a suspension of crystals with increasing viscosity as the crystals 
grow. 
 By shearing it and increasing crystalcrystal collisions, agglomerates can be formed and 
destroyed in a similar way to flocculated suspensions. In semisolid alloys, agglomerates are 
clusters of welded crystals. 
 Increasing the shear rate causes an increase in shear stress before strain softening and a 
steady state is reached: this is due to the breakdown of existing agglomerates to an 




 Decreasing the shear rate has the opposite effect: a drop in shear stress is followed by a 
gradual increase until a steady state, corresponding to the buildup of agglomerates, i.e. bigger 
clusters of welded crystals.  
  These are the cause of thixotropy in semisolid alloys below coherency. 
After coherency: 
 Semisolid alloys exhibit a solid network of unwelded grains in mechanical contact. 
 The main microstructural deformation mechanism is grain rearrangement (sliding). 
 Parallel plate compression causes solidliquid segregation in dendritic alloys but not in 
globular alloys at moderate strains. 
 The beginning of extrusion is characterised by solidliquid segregation. 
 Current constitutive models of semisolid deformation interpret the solid as either a 
continuous welded solid network, or a network with an initial degree of cohesion. 
 The agglomerate interpretation has been adapted to higher solid fractions after coherency 
with the globular solid network breaking down with increasing strain under compression, i.e. 
solidsolid grain boundaries are lost. 
 Recent alternative models consider the solid network as an assembly of cohesionless quasi
globular grains which deforms with significant solidliquid separation during compression. 
However: 
 Recent work has shown equiaxed semisolid alloys exhibit Reynolds’ dilatancy i.e. grain 
rearrangement is characterised by shearinduced dilation. 
 This is similar to packed granular materials, which must expand in order to shear because 
they must make space for passing grains i.e. shear strain generates a volumetric strain 
 Granular materials are either cohesionless or partially cohesive if partiallysaturated 
 Granular materials with globular particles are considered packed, i.e. forming a continuous 
network capable of transmitting force from a solid fraction of ~55% and cannot be randomly 
packed more than 63.5% 
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 Granular materials transmit force through force chains propagating across particleparticle 
contacts which may enclose stressfree regions, i.e. particles not transmitting load 
 In situ 2D synchrotron experiments show evidence for shearinduced dilation: grains in the 
semisolid regime act as cohesionless particles and rearrange by levering themselves apart and 
increasing the interstitial spaces between them. 
Questions raised by this review 
Much of the established knowledge of semisolid alloy rheology reviewed in this chapter is 
based on bulk mechanical data coupled with postmortem microstructural analysis.  
Importantly, many of the proposed mechanisms have never been directly observed and some 
recent results, such as volumetric strains, cannot be explained by most existing theoretical 
frameworks.  Direct microstructural observation of semisolid deformation can only be achieved 
with Xray imaging, and timeresolved 3D imaging requires fast synchrotron tomography. 
Questions raised by this literature review that are well suited to tomographic study include: 
 Does long term coarsening cause agglomeration? 
 Can deagglomeration be imaged in situ during parallelplate compression or during a semi
solid processing route? 
 How do the grains interact with each other during semisolid flow? Can agglomeration be 
imaged? 
 Do the quasi2D in situ specimens in Fig. 2.25 deform with the same mechanisms as bulk 3D 
samples? For example, radiograph specimens are very thin slices of bulk samples and may not 
contain agglomerated necks. Does the thin sample 2D in situ behaviour reflect grain behaviour 
in 3D?  
 Do grains behave differently under different loading modes?  




This project involved a significant component of experiment design and image processing 
development in order to achieve the timeresolved tomography of semisolid alloy deformation 
that both measures the global stressstrain response and simultaneously enables a grain level 
study of the microstructural response to load.  Sample size and microstructure had to be 
optimised for the UK Diamond synchrotron, methods to engineer these microstructures had to 
be developed, a recently developed hot tensioncompression rig [171] was adapted for this 
project, and new image analysis techniques were required to test for the deformation 
mechanisms proposed in previous studies.  The current chapter details each of these steps. 
3.1 Casting 
Three alloy wedge castings with two different compositions, Al8Cu (wt.%) and Al15Cu 
(wt,%), were produced for this work. Binary hypoeutectic AlxCu (wt.%) alloys were chosen 
because of the suitable absorption contrast they provide under Xrays. This is due to a 
combination of attenuation contrast and density contrast. Attenuation contrast will be 
examined in Section 3.3.2. This is coupled to a copperrich liquid phase which is denser than 
the solid 3Al crystals because of the rejection of copper into the liquid during solidification. 







3.1.1 Al-15 wt.% Cu 
The first casting consisted of 2485 g of commercial purity Al (Hydro Aluminium, Norway) 
that was heated using a resistance furnace in a claygraphite crucible monitored by a Ktype 
thermocouple. Once liquid, 1079 g of an Al50 wt.% Cu master alloy (LSM, Rotherham, UK) 
was added to produce an Al15 wt.% Cu composition. When the melt reached 770°C, it was 
stirred thoroughly and degassed using Ar for approximately 15 minutes. 30.3 g of TiB2 grain 
refiner were then added in the form of three Al 5TiB rods (LSM, Rotherham, UK) and stirred 
thoroughly. The melt was then cast into a steel rectangular wedge mould [172] coated in Foseco 
Dycote (UK) and preheated to 150°C. The mould had dimensions 200×150×20 mm at the top 
and 200×150×12 mm at the bottom. The mould and an example casting are shown in Fig. 3.1. 
 
Fig. 3.1. Casting moulds and example ingot: a) perspective of (1) the steel casing holding (2) the two insulating bricks 
which form the runner and gate to (3) the steel wedge mould; b) shows a view from the top of (4) the mould where the 
excess liquid alloy was poured and (5) the solidifying casting in the wedge mould; c) is a photograph of the (5) solid 
casting with (6) the runner and gate attached to it; d) is a side view of the solid casting and runner and gate.  All 
scale bars are 50 mm. 
The second wedge consisted of 1931 g of commercial purity Al, 828 g of Al50 wt.% Cu master 
alloy, and 27.8 g of Al5Ti B rods acting as a grain refiner. 
3.1.2 Al-8 wt.% Cu 
This composition was cast using 1302 g of commercial purity Al, 248 g of Al50 wt.% Cu 






3.1.3 Composition and specimens 
Xray fluorescence (XRF) spectroscopy analysis was performed on the second Al15 wt.% Cu 
wedge and the Al8 wt.% Cu wedge (LPD Lab Services, Lancashire, UK). The results are shown 
in Table 3.1. Both alloys contain within 0.4wt% of the expected Cu composition, and have 
impurity levels typical of commercial purity Al alloys.  
Table 3.1 Quantitative XRF results of % w/w alloying elements (n.d = not detected, referring to < 0.0002 wt.%). 
wt.% Cu Zr Zn Cu Fe Cr Ti Si Mg Mn 
15 0.023 0.014 14.650 0.13 n.d. 0.042 0.010 0.069 0.013 
8 0.023 0.011 8.340 0.14 n.d. 0.043 0.019 0.068 0.009 
  
Cylindrical rods of 13 mm and 10 mm in diameter were machined out of the wedges using a 






The cylindrical specimens were heattreated in the semisolid state using a WHT6/30 forced
air convection oven (Lenton, London, UK) to create globular 3 −Al grains for the in situ studies. 
The holding temperature was set to 553 ± 1°C (corresponding to approximately 4.8 ± 1°C above 
the eutectic temperature), and was monitored using a Ktype calibrated thermocouple. 
Specimens were placed in Al2O3 tubes in a borosilicate glass container and were heattreated 
for up to 21 days (504 hours) to create a variety of 3 −Al grain sizes. At the end of the heat 
treatments, samples were placed at room temperature and left to cool in air.  
An initial trial on ∅8×8 mm specimens lathed from the Al15wt.%Cu heattreated cylinder 
revealed that longterm coarsening in air exacerbated existing porosity and led most specimens 
to contain large, interconnected and surfaceconnected porosity.  In order to minimise porosity 
in the subsequent specimens, the heattreated cylinders were subsequently reheated to 
approximately 550 ± 1°C in a tube furnace under low vacuum (approximately 1.3 Pa) for 5 
hours. The cylinders were then lathed and cut to produce ∅5×5 mm cylinders for compression 
experiments and ∅7×5 mm cylinders for extrusion. 
Only specimens globularised for 8 days were subsequently used for in situ compression 
experiments. In the following Section 3.3.2 about 3D image processing, all specimens shown as 







3.3.1 2D Imaging 
Specimens for optical microscopy were sectioned, mounted in Bakelite, ground using SiC 
papers of increasing grit values (500 to 4000 grit) and polished using a 1:1 waterdiluted 
colloidal silica (OPS) solution. Sections were imaged using an Olympus BX51 optical microscope 
with a CCD camera. 
3.3.2 3D Imaging 
Laboratory tomography 
The 3D microstructures of roomtemperature solid samples were imaged using laboratory X
ray microtomography (Phoenix Xray Systems & Services, GmbH, Wunstorf, Germany). All 
microtomography scans were done at 85 kV and a current of 110 TA, with an exposure time of 
3200 ms. Seven hundred and twenty images were captured on a detector of either 512×512 
pixels or 1024×512 pixels over one revolution of the specimen. A Cu filter was placed in front of 
the target to filter out lowenergy Xrays. 
Synchrotron tomography 
All fast tomography was conducted on the Joint Environmental, Engineering and Processing 
beamline (JEEP, I12) at the Diamond Light Source synchrotron in Harwell, Oxfordshire. For in 
situ semisolid deformation, a bespoke tensioncompression rig (University of Manchester, UK) 
with a 500N ± 0.1N load cell, a continuous ram rotation over ± 0.001°, and a displacement 
range of 150 mm ± 200 nm was used [171]. Twopart boron nitride cells were designed for 
compression and extrusion. The temperature was controlled by a 1000°C PIDcontrolled 
furnace (University of Manchester, UK [171]) mounted on the tensioncompression rig. The 





Fig. 3.2. Tensioncompression rig: 1) housing of the 500N load cell, 2) moving compression head, 3) furnace and 4) 
furnace support. 
Semisolid microstructures were created by heating the 8day globularised specimens above 
the eutectic temperature and holding them isothermally for five minutes before the 
deformation proceeded. During the semisolid heat treatments of 8 days it can be assumed that 
concentration gradients will have equilibrated, and the solid fraction can thus be calculated 
from using the Lever approximation. After deformation, the furnace was switched off and 
specimens allowed to cool in air. 
The heat treatment and imaging conditions were optimised to obtain a microstructure and 
imaging fieldofview best suited both to (i) the JEEP beamline at the Diamond Light Source 
and to (ii) a timeresolved granular study of semisolid alloy deformation. The detector modules 
available on JEEP and their fieldsofview are shown in Fig. 3.3. The first constraint was the 
furnace window (shown in Fig. 3.2 (3)) of 6 × 8 mm, which limits the field of view options to 
modules 2, 3 or 4. The second constraint was that deformation in the experiments was 
continuous and not interrupted, and the minimum displacement rate of the rig is 1 Tm s1.  
While both modules 3 and 4 have good spatial resolution, their smaller fields of view require 




constraint, because granular behaviour was of interest, was having enough grains in the field of 
view (where enough grains ≥ representative elementary volume of 1000 grains). In the light of 
these constraints, module 2 was selected coupled with the largescaled globular microstructure 
created by 8 and 21 day semisolid heat treatments.  With this combination, the interfaces of 
the large ≈ 400 m  globular grains could be resolved  with the 12.22 Tm resolution of Module 
2, and samples containing ≈ 1000 grains could be deformed with a ram displacement rate of 
between 1 and 10 voxels per tomogram (depending on the displacement rate used) giving 
adequate temporal resolution. 
A final constraint on JEEP is the available Xray energies.  All experiments were done with 
a monochromatic beam of 53 keV because it was the lowest available energy at the beamline at 
the time of the experiment. 
 
Fig. 3.3. Modules available for fast tomography on beamline I12 of Diamond Light Source. 
Semi-solid extrusion (beamtimes ee6218-1 and ee6893-1) 
Pilot experiments had solid samples placed in a boron nitride cylindrical cup with inner 
diameter ID = 10 mm, wall thickness = 1 mm, and height = 10 mm. A boron nitride cylinder 
with ∅ = 8 mm, height = 5 mm and a 1 mm hollow bore at its centre acted as an extrusion die 
(Fig. 3.4 (c)). Isothermal indirect extrusion was investigated in Al15Cu (wt.%) at 10°C above 
the eutectic temperature (corresponding to $ ≈ 75%), at constant ram speed of 10 Tm s1 
(minimum ram speed of the rig is 1 Tm s1). 
For image capture, the specimen was rotated at 15° s1 and projected images were recorded 
every 0.5° with an exposure time of approximately 16 ms on an 800 × 600 CMOS chip on a 




a 500 Tm thick LuAg:Ce scintillator. The working field of view was 9.8 × 7.3 mm with a 12.22 
Tm resolution. This resulted in 720 projected images per tomogram, with 24 tomograms of 12 s 
each captured during the experiment. 
Subsequent experiments had the solid sample placed in a boron nitride cylindrical cup with 
ID = 8 mm, wall thickness = 1 mm, and height = 10 mm. A boron nitride die  ∅ = 7.5 mm and 
height = 5 mm with a 1 mm hollow bore at its centre was placed in between the specimen and 
the ram. Isothermal indirect extrusion was investigated in Al15Cu (wt.%) at 10°C above the 
eutectic temperature (corresponding to $@ ≈ 75%), at constant ram speed of 5 Tm s1 and  
1 Tm s1. 
For image capture, the specimen was rotated at 15° s1 and projected images were recorded 
every 1° with an exposure time of approximately 33 ms using the same camera and scintillator 
setup as above. The working field of view was 9.2 × 6.1 mm with a 12.22 Tm resolution. This 
resulted in 360 projected images per tomogram, with 60 tomograms of 12 s each captured 
during the experiment. 
Semi-solid compression (beamtime ee6893-1) 
Using a setup identical to the second set of extrusion experiments, the solid sample was 
placed in a boron nitride cylindrical cup with ID = 8 mm, wall thickness = 1 mm, and height = 
10 mm. It was compressed using a boron nitride coated  ∅ = 7 mm cylindrical ram (Fig. 3.4 (b)). 
Compression was investigated in Al15Cu and Al8Cu (wt.%) at various temperatures above the 
eutectic temperature (see Table 3.2) at constant ram speeds of 5 Tm s1 and 1 Tm s1. 





Fig. 3.4. Fast tomography experimental setup: a) photograph of the furnace, boron nitride cups and pyrophyllite 
rams, b) exploded schematic of the compression setup, and c) exploded schematic of the indirect extrusion setup. In 
both b) and c), components are (1) the pyrophyllite ram, (2) boron nitride extrusion die, (3) the specimen, (4) boron 
nitride container and (5) the thermocouple used for temperature control. 
Temperature calibration 
Temperatures were measured using a thermocouple in contact with the bottom of the boron 
nitride container (schematised in Fig. 3.4 (c) (5)). Typical temperature profiles measured during 
experiments are shown in Fig. 3.5. The cyclic nature of the profiles is a result of the rotation of 
the thermocouple. All experimental temperatures cycle within a 5°C window and affect the 
theoretical solid fraction by less than 1.5%. The thermocouple readings were calibrated to give 
the temperature of the semisolid sample by comparing the measured temperature in the 
container below the sample with the solid fraction measured by tomography. 
For calibration, experiments conducted at two temperatures were examined: Al15Cu (wt.%) 
deformed at a measured temperature of 512.8 ¸ 1.7°C and Al8Cu (wt.%) at a measured 
temperature of  539.2 ¸ 1.4°C (Fig. 3.5).  Tomography measured the solid volume fractions $@ to 
be ≈ 73.4% and ≈ 87% respectively which corresponds to mass fractions @ of ≈ 71.1% and 
≈ 86.1% respectively using the solid and liquid densities in the AlCu mushyzone from [17].  
These mass fractions were converted to temperatures using the Lever rule and a linear 
approximation of the AlCu phase diagram, yielding temperatures of 562°C and 589°C.  These 




Al8Cu at 540°C respectively and a difference between the experimental values (i.e. 540 −
513 = 27°C) and the tomography/Lever values (i.e. 590 − 562 = 28°C), which fall within an 
acceptable error range. A calibration of +49.5°C was therefore used for all other temperature 
measurements. Table 3.2 shows the calibrated temperature data for all samples. 
 
Fig. 3.5. Determination of temperature offset. The experimental data used is compression testing for two alloy 
compositions of Al15Cu held at approximately 513°C and Al8Cu held at approximately 540°C.  
 









¹;		¼ ¹;		¼ Loading 
mode 
[%] [°C] [°C] [%] [%] [%]  
15 531.1 ¸ 2.3 580.6 ¸ 2.3 64.38 62.21 59.99 c 
15 512.8 ¸ 1.7 562.4 ¸ 1.7 73.43 73.60 71.08 c, e 
8 539.2 ¸ 1.4 588.7 ¸ 1.4 86.43 87.01 86.12 c 







X-ray imaging and 3D reconstruction algorithms 
By exposing the specimen to Xrays, a radiograph can be acquired wherein the pixel value is 
a representation of the transmitted photon flux hitting the detector, as given by the Beer
Lambert law: 
 ²T = ²A exp − À}·j~ ∙ jÂ (3.1)  
where ²T is the transmitted beam intensity, ²A is the initial photon flux, ·/j is the mass 
attenuation coefficient, j is the density, and  is the sample thickness. For solution phases such 
as the 3Al and liquid phases in this work, the density depends on the phase composition and 
temperature, and the mass attenuation coefficients depend on the phase composition according 
to the rule of mixtures, where ÃH is the weight fraction of the ith atomic constituent: 
 
·j = Ä ÃH }·j~HH  (3.2)  
   For a specific value of  ²A, different elements exhibit different mass attenuation coefficients. 
In this study, the binary alloy used is composed of Al and Cu. Their mass attenuation 
coefficients with increasing photon energy are plotted in Fig. 3.7. The acquisition energy on the 
JEEP beamline is also shown, and demonstrates that it provides adequate contrast with 
respect to the mass attenuation coefficients of both elements, i.e. that imaging at this energy 





Fig. 3.6. Mass attenuation coefficients for Al and Cu with increasing photon enery.  
The reconstruction process is illustrated in Fig. 3.7. For any 2D object (here Fig. 3.7 (a) is 
taken as an example), exposing it to Xrays at a certain angle 9 allows the acquisition of a 
radiograph or projection $. As the object is twodimensional, the resulting projection is one
dimensional (Fig. 3.7 (b)). By rotating the object, a number of projections can be acquired at 
different angles. These projections are then stacked to produce a sinogram, as seen in Fig. 3.7 
(c). The number of projections acquired determines the quality of the reconstructed image. The 
filtered back projection method then mathematically ‘smears’ a projection onto a back 
projection of size (:, :), where : is the length of the projection: this can be seen in Fig. 3.7 (d, 
(II)). The information in the projection is therefore present along the entire length of the back 
projection, and is not only located where the initial object is located. All the projections are then 
‘smeared’ back at different angles and the intensities added up (Fig. 3.7 (d, (IIIVII)). With 
enough projections, the original 2D object can be reconstructed. . This method does not, 
therefore, preserve quantitative intensity information such as the BeerLambert principle in 
equation (3.1). As can be seen from Fig. 3.7 (d, (VII)), it also results in a blurred reconstruction 
as a result of oversampling the low frequencies. The final image is decomposed into low and 




component to reduce the blurring. Since a 3D object is, in essence, a stack of 2D objects 
(equivalent to a stack of Fig. 3.7 (a)), a 3D volume is reconstructed by processing one row of a 
series of 2D radiograph images at a time and stacking the resulting reconstructions. 
 
Fig. 3.7. Filtered backprojection reconstruction principle: a) original 2D object [reproduced and adapted from [173]], 
b) acquisition of one projection, c) by stacking the projections acquired at different angles, a sinogram is obtained, d) 
(II) 1, (III) 3, (IV) 4, (V) 16, (VI) 32, and (VII) 64 projections equally distributed over 360° used to reconstruct the 
object.[reproduced from [173]].  
An inhouse reconstruction algorithm based on the filtered back projection method [174176] 





3.3.3 Image processing and analysis 
Imaging packages Avizo 7.0.1 (Visualization Science Group, Mérignac, France), ImageJ (U.S. 
NIH Bethesda, Maryland, USA [177]) and MATLAB 7.1 (The Mathworks Inc., Natick, 
Massachusetts, USA) were used for image registration and processing. The main image 
processing steps are summarised in Fig. 3.8. 
Details of the steps undertaken during each phase of the image processing of this work are 
presented below, generally in their chronological order. All filters are threedimensional unless 
otherwise mentioned. 
 






All reconstructed volumes in one experiment were normalised to a reference volume, which 
consisted of a volume acquired before deformation at the beginning of the experiment. All 
normalisation in this work was linear, whereby: 
 ²ª = (I − Min) (newMax − newMin)Max − Min + newMin  (3.3)  
where Max and Min represent the maximum and minimum greyscale values respectively of 
the volume to normalise, while newMax and newMin represent the desired greyscale range as 
determined by the reference volume. This preprocessing step allows for greater accuracy 
during volume registration and enables a unique single value to be used for global 
thresholding. 
Registration 
In order for features to be tracked, the volumes must have a common coordinate system. 
They were thus each registered using an affine transformation matrix obtained via the 
normalised mutual information metric similarity measure [178]. This involves 3D rigid body 
transforms, whereby a volume is rotated and translated to a reference volume in order to align 
the objects within them based on voxel intensity similarity. Due to the large deformation 
applied to each specimen, each volume was registered to the volume before it using a region of 
interest which did not undergo significant physical change as a reference. All transformed 
volumes were interpolated using a Lanczos lowpass filter approximation resampling method. 
Masking 
Masking is needed in order to use intensitybased thresholding of the phases present in the 
specimen. As can be seen in Fig. 3.9 (1), the ram has similar greyscale intensity to the solid 






Fig. 3.9. Specimen masking process: 1) shows the original volume, 2) the nonlinear diffusion filtered volume to 
smooth the internal microstructure of the specimen, 3) the convolved filtered volume using a 10×10×10 ellipsoid, 4) 
the thresholded convolved volume, 5) the 2D edge volume with the ram removed, and 6) the final mask obtained via 
a convex hull algorithm run on the edge volume. The specimen here is at $ ≈ 87% and )T ≈ 0.9%. 
 By smoothing the internal microstructure of the specimen and making the specimen edges 
more prominent using a nonlinear diffusion filter [179] followed by a convolution using a 
10×10×10 pixel ellipsoid (Fig. 3.9 (2) and Fig. 3.9 (3)), a preliminary mask can be obtained 
using global thresholding (Fig. 3.9 (4)). As a result of the specific compression experiment 
undertaken in this work, a large percentage of the porosity present in the specimens is 
entrained air, which is therefore connected to the surface of the specimen. While there are 
multiple algorithms dedicated to closing this sort of feature, the large size of these specific voids 
precluded that option. Instead, the remnants of the ram were manually removed before the 
edges of the convolved specimen were isolated using a 2D Sobel edge detection algorithm [180] 
(Fig. 3.9 (5)). These edges were used as inputs in order to find a convex hull [181] around the 
specimen (Fig. 3.9 (6)). This allowed for the small air menisci at the surface of the specimen to 
be accounted for before they develop into large air voids. Whatever data is contained within the 
mask can thus be analysed. 
Smoothing 
In order to proceed with binary processing, the original datasets must be smoothed to 
remove acquisition noise, which can be seen in Fig. 3.10 (1). This work used an edgepreserving 
smoothing filter modelled on a nonlinear diffusion process [179]. Similar to a Gaussian filter, 




gradient, resulting in Fig. 3.10 (2): the inherent graininess of the reconstructed image was 
removed, while the edges of the specimen and the solid globules remained sharp. Fig. 3.10 (3) 
shows further processing on this specific dataset (detailed below) and the good correlation 
between the binarised result and both the original data and the smoothed data. 
 
Fig. 3.10. Nonlinear diffusion filter as a prelude to further processing: 1) shows a reconstructed slice in the xy 
direction, 2) shows the same slice after the filter has been applied to the entire volume, 3) showcases further 
processing (solid thresholding and watershed—detailed below) as a result of the nonlinear diffusion filtering. The 
specimen here is at $ ≈ 74% before deformation. 
Thresholding 
All data was binarised using two methods: global thresholding using Otsu’s method, and 
regiongrowing thresholding [182]. Otsu thresholding involves the histogram shape, where 
pixels are assigned to different classes via the minimisation of the variance within each class. 
Regiongrowing thresholding, on the other hand, determines whether pixels neighbouring an 
initial seed point belong to the region being grown via the usage of a specific empirically
determined threshold criterion. Regiongrowing thresholding was used to isolate the solid 
phase of each volume (Fig. 3.11 (6)) with seeds determined using the distance map of the solid 





Fig. 3.11. Thresholding of the solid phase using a region growing algorithm, which requires a seed volume: 1) shows 
the original volume, 2) the global Otsu thresholding of the solid, 3) a 1pixel erosion of the solid, 4) a distance map of 
the eroded thresholded solid, and 5) maxima of the distance map. These maxima act as the seeds for the region
growing algorithm whose result can be seen in 6). The specimen here is at $ ≈ 64% and )T ≈ 13.5%. 
Air and other gases generally give good attenuation contrast compared to the condensed 
phases. In addition, the voids in all the specimens presented darker edges caused by phase 
contrast (due to a change in phase of the Xray beam at the interface as opposed to absorption 
contrast between the solid, liquid or gas phases). Voids were thus thresholded using Otsu’s 
method. The regiongrown solid phase and the voids were then combined and subtracted from 
the mask to provide the liquid phase. 
Internal and surface-connected porosity 
The gas phase was filtered by volume to remove voxelsized artifacts, with the cutoff volume 
being 25 pixels3 (equivalent to a volume of  4.5 × 10z mm3). Porosity was then labelled either 
as surfaceconnected if it was directly touching the mask described above, or as internal if it 
wasn’t.      
Watershed grain separation 
Separation of the solid phase into individual globules was necessary to study granular 
behaviour. This was done using a watershed algorithm [183185] with steps detailed in Fig. 
3.12. The regiongrown solid was first filtered to fill holes and produce a distance map (Fig. 3.12 




innermost regions within globules, which need to be labelled (Fig. 3.12 (5) and Fig. 3.12 (6) 
respectively). The inverse of the distance map and the basin markers (Fig. 3.12 (4) and Fig. 
3.12 (6) respectively) are then used as an input for the watershed by flooding, which separated 
the globules (Fig. 3.12 (7)). The separated globules were finally filtered by volume to remove 
voxelsized artifacts (Fig. 3.12 (8)). The cutoff volume used was 500 pixels3, which is equivalent 
to globules with a diameter of approximately 120 Tm.      
 
Fig. 3.12. Globule separation using the watershed technique. 1) shows the binarised solid phase, 2) the solid phase 
with the holes filled (difference noticeable in the bottom left), 3) the distance map of the binarised solid, 4) the 
inverse of the distance map to be used as the first watershed input, 5) the distance map maxima, 6) the labelled 
distance map maxima to be used as the second watershed input, 7) the separated globules and finally 8) the volume
filtered final separated globules.  The specimen here is at  ≈ 64% and )T ≈ 13.5%. 
Erosion 
The nature of synchrotron experiments caused some artifacts at the edge of the specimens, 
mostly in terms of a greyscale gradient that darkened some regions near the edge. This is 
visible in Fig. 3.11 (1), where global thresholding did not yield good results in the bottom left of 
the specimen. This gradient varied from tomogram to tomogram and grew worse with increased 
strain. Removing this sort of evolving artifact is manual and the process would have had to be 
modified for each volume. As a result, after grain separation, the mask of each volume was 
eroded in 2D [180] in the (xy) direction by 20 pixels (244 Tm), which is approximately half an 
average grain diameter for specimens heattreated for 8 days in order to remove the 
problematic regions from subsequent processing. This is illustrated in Fig. 3.13 (3). The grains 






Only globules that could be tracked for the entire duration of the experiment were analysed. 
Globules were allowed to ‘blink’ once, i.e. disappear in one tomogram during the tracking to 
grant some margin of error in terms of the watershed separation. The maximum distance the 
centroids were allowed to move between tomograms was 22 pixels, which is equivalent to 269.5 
Tm or approximately twothirds of a globule diameter. Linking centroid locations to trajectories 
was done using labelled centroids proximity at different time steps following Lewis [186]. For 
an ensemble of ­ noninteracting identical particles, the probability distribution of Brownian 
particles diffusing a distance n in time  is the product of single particle results: 
 ¬(ÊnHË|) = } 14rDI~




Minimising ¬(ÊnHË|) yields the most likely assignment of particle labels from one step to the 
next. In order to simplify the computations, a characteristic length scale \ is chosen to truncate  
¬(n|) at n = \. If \ is smaller than the typical intercentroid spacing, the actual network 
determined by Eq. (3.1) is reduced to bonds shorter than \ drawn between two centroids at two 
different time steps. The trajectory is then determined by solving Eq. (3.1) for each potential 
centroid separately and comparing the results. In some cases, there may be no bonds shorter 
than \. The centroid is then labelled as ‘missing’ and its bond assigned the length \. Its last 
known location is retained in the event that it reappears closely enough that its trajectory can 
be resumed. This was implemented in MATLAB by Blair and Dufresne [187]. 
A main limitation of linking the centroid distribution to the trajectories is that centroid 
movements must be timeresolved, i.e. that the distance a globule moves from one time step to 
the next cannot be larger than the interglobule spacing. In our case, an average interglobule 
spacing is 2:ÎÏÐÑÒÏÓ where : is the average radius of the globules in the specimen. In all tracking 




270 Tm. The displacement rate of 5 Tm s1 coupled with the 12 s tomograms yield a global 
movement n of 60 Tm. While an optimal cutoff parameter value of \ should be chosen such that 
n < \ < :_=Qkt=O [186], a larger value of \ was chosen to deal with inhomogeneities in the 
deformation and to give the largest chance for all centroids to be tracked. Tracked and labelled 
globules are shown in Fig. 3.13 (5), where globules that couldn’t be tracked were removed.     
 
Fig. 3.13. Illustration of the globule tracking process. 1) shows the regiongrown thresholded solid, 2) shows the 
eroded solid, 3) shows the separated and filtered globules, 4) shows the labelled globules, and 5) shows the tracked 
and labelled globules. The specimen here is at  ≈ 64% and )T ≈ 13.5%. 
Internal porosity 
Internal pores were labelled and tracked in the same manner of the globules. The maximum 
distance the pore centroids were allowed to move was 30 pixels during each timestep, which is 
equivalent to 367 Tm. While this may seem excessive in comparison to a ram movement of 60 
Tm, it was necessary in order to compensate for the ability of the pores to move very quickly 
within the liquid phase during deformation. 
Coordination number 
In order to obtain the coordination number of any given feature, that specific feature was 
isolated from its labelled volume, morphologicallydilated, and finally multiplied with the 
original labelled volume. By removing the original feature, the remainder corresponds to 
labelled dilated edges. The number of labels in these dilated edges is the coordination number. 







The translation vector and Euler distance of each globule were calculated using the tracked 
coordinates of each globule centroid. The translation components for a globule $ at time  + 1 
are given by: 
 
IzIp = Ip − I 
ÔIzIp = ÔIp − ÔI 
ÕIzIp = ÕIp − ÕI 
(3.5)(3.2) 
The Euler distance  6 was calculated for each globule between time  and  + 1 using: 
 6IzIp = Ö(Ip − I)q + (ÔIp − ÔI)q + (ÕIp − ÕI)q (3.6)(3.2) 
Globule rotation 
Each globule was cropped and isolated in a 201×201×201 pixel3 box, which is equivalent to 
2.46×2.46×2.46 mm3. A grainbased image correlation approach implemented in Avizo was used 
to obtain the highest normalised correlation coefficient between each globule and its tracked 
predecessor. This allows each globule to be rotated and displaced in 3D using affine transforms 
(see an example in Fig. 3.14) and results in a transformation matrix containing rotation, 
translation and scale components. Converting the rotation matrix to its axisangle 
representation permits the rotation component of the transformation matrix to be described as 
an arbitrary vector around which a rotation of specific angle 9 takes place. The angle 9, which 
represents the absolute rotation value of a specific grain in threedimensional space, is the 
value of rotation used throughout this work. 
 
Fig. 3.14. Rotation using image correlation: (a) grain at )T ≈ 8.7%, (b) grain at )T ≈ 11.4%, (c) overlapping grains 






Globule volume and surface area was calculated using a commerciallyimplemented modified 
marching cube algorithm [188] in Avizo. 
Sphericity 
All mention of sphericity 4 in this work refers to [189]: 
 4 = (36 × r × fq)
p
4  (3.7)(3.3) 
where f and 4 are the volume and surface area of the globule respectively. 
Shell thickness 
To determine the extent to which the globules change shape during deformation, 50 globules 
were selected at random in the experiments where watershed separation was successful. These 
globules were first registered to their reference globule.  
For each registered globule, its shape at one timestep (Fig. 3.15 (a)) and at the next timestep 
(Fig. 3.15 (b)) was added up, the Euclidian distance map of that region was calculated and that 
distance map was multiplied with the nonoverlapping voxels of these datasets (Fig. 3.15 (c)). 
In parallel, the overlapping regions of the datasets were dilated by 1 pixel and subtracted from 
the initial overlapping voxels to produce a ring. The thickness of the shell was obtained by 
multiplying this ring, which lies at the edge of the overlapping voxel region, with the distance 
map produced at the earlier step (Fig. 3.15 (d)). 
 
Fig. 3.15. Shell thickness calculation: xy slices of a) the grain at the previous timestep, b) the grain at the actual 
timestep, c) the distance map of the nonoverlapping voxels, d) the voxels in common with the distance map and the 





Macroscopic stress-strain measurements 
True axial strain 
True axial strain was calculated using the mean height ℎØ of the specimen at each timestep 
as measured in threedimensions by tomography. This distance was measured in ten slices in 
the Õ direction and averaged, and the percentage true axial strain was given by: 
 ÙImtO = ln  ℎØℎØA × 100 (3.8)(3.2) 
where ℎØA is the undeformed height of the specimen. 
The engineering strain may also be derived: 
 ÙOP_ = Àℎ − ℎØAØØØØØØØØØℎØA Â × 100 (3.9)(3.2) 
True volumetric strain 
Traditionally in metallurgy, volumetric strain is related to Poisson’s ratio. It corresponds to 
the stretching or compression of the atomic bonds to accommodate stress perpendicularly to the 
applied compressive or extensive load respectively. During uniaxial compression, a fully solid 
metal will expand in the two directions perpendicular to the compression direction giving a 
volumetric strain on the order of 10z [190]. 
In granular physics, volumetric strain is defined by the expansion (dilation) and compaction 
(contraction) of the granular assembly (i.e. the change in volume occupied by the grains), and 
not due to a change in volume of the solid [147].  This definition assumes that the volumetric 
strain is due to the change in volume of the liquid or gasfilled interstitial spaces and can give 
volumetric strains on the order of 10zp. 
In this work, true volumetric strain )Û is taken in the granular sense. It is thus defined by 
the volume fE formed by the centroids of the solid assembly, and is calculated as a percentage:  




where fAE is the volume formed by the centroids in the undeformed specimen. Where 
watershed grain separation and tracking was possible, the volume formed by the tracked 
centroids of the globules was computed for each tomogram. The result is a polyhedron with a 
specific volume forming a hull around the centroids. For very high solid fractions, grains could 
not be separated using the watershed technique and the volume of the mask was used instead. 
This was deemed suitable because there was good correlation between volumetric strain 
calculated using the convex hull of the centroids and the volumetric strain obtained using the 
convex hull of the specimen edge in samples where grains could be separated by the watershed 
technique. This is illustrated in Fig. 3.16, where the averaged volumetric strain is plotted. The 
error bars represent the spread in the values of the volumetric strains as obtained by both 
methods. The maximum deviation is 2%, which legitimises the use of the sample edge convex 
hull as an alternative to centroid convex hull when the centroids cannot be obtained.  
 
Fig. 3.16. True volumetric strain during compression experiments at % ≈ 64% and 73%.  The volumetric strains 
plotted are the average of the centroid and specimen edge volumetric strains. The error bars represent the spread 
covered by both values. 
 
True axial stress 
Load was measured with a 10 Hz frequency continuously during the experiments. 
Correspondence was established between the first projection of each tomogram and the average 
of the equivalent 10 load measurements. This resulted in one load value § representative of the 
load at the beginning of the capture of each tomogram. 





























 sO = §<A × 100 (3.11)(3.4) 
where <A is a circular section of diameter 5 mm.  
True stress (derived from engineering stress) was computed as follows: 
 sIzO = sO × À1 + ℎØ − ℎØAℎØA Â (3.12)(3.2) 
The true stress values were also determined directly from the reconstructed images, with the 
true stress of each tomogram corresponding to the load divided by the area in contact with the 
moving ram: 
 sIzF = §<HP EQPIFEI HIR mFL × 100 (3.13)(3.3) 
This contact area is equivalent to the first slice of the mask, which is in direct contact with 




4 Heat treatment study of  Al-
15Cu (wt.%) 
This chapter overviews an investigation to produce the ideal microstructures for in situ 
imaging of semisolid deformation on the JEEP beamline (I12) of the Diamond synchrotron. 
The coarsening of an Al15Cu (wt.%) alloy was investigated as a method to produce large 
globular structures which would not coarsen in the timeframe of an experiment and provide the 
best spatiotemporal resolution for fast in situ timeresolved synchrotron tomography. In this 
chapter, the uniformity of the as cast microstructures obtained in Section 3.1 will be examined 
first, the constraints inherent to the in situ experiment will then be detailed, and finally a 
study for the optimal grain size and shape will be presented. 
4.1 As cast microstructures  
The microstructure resulting from the wedge casting detailed in Section 3.1 is examined 
here using both 2D optical microscopy and 3D laboratory microtomography. Experimental 
conditions for both techniques have been given in Section 3.3.  
The initially cast Al15Cu0.05Ti (wt.%) alloy shows a morphology intermediate between 
rosette and equiaxed dendritic as shown in Fig. 4.1 (a) and (b). The grain size can be estimated 
at around 150200 Tm, with a fine lamellar eutectic occurring in between the grains of primary 
3. The very black specks in (b) are embedded SiC particles resulting from the grinding process. 




Fig. 4.1. As cast microstructure at magnifications of a) ×2.5 and b) ×10 respectively, showing the characteristic 
rosette to dendritic morphology. In in a), pores appear in a regular manner across an approximate 15 mm2 area. 
The laboratory microtomography used in this work does not allow the fine lamellar eutectic 
microstructure to be resolved in 3D. Instead, finer features are blurred and the mean 
composition of the eutectic mixture plays a larger role in distinguishing the phases. As the 
eutectic is Curich, it absorbs more Xrays compared to the primary aluminium phase. 
Attenuation contrast thus enables Curich regions such as the eutectic to appear the darkest in 
radiographs while Cupoor regions such as the primary 3 appear brighter. When a tomographic 
reconstruction is done, this contrast is inverted by convention, with the more attenuating phase 
appearing the brightest.  
Fig. 4.2 is a tomogram of a Ø13 mm as cast cylinder with 23.3 Tm resolution showing the 
pores as the darkest regions and the eutectic as the brightest regions (Fig. 4.2 (b)). The red 
rectangle shows a pore and the green rectangle shows a eutectic region. The (xy), (xz) and (yz) 
slices in Fig. 4.2 (a) and (b) confirm the microstructure is equiaxed and shows no visible phase 
segregation or any other macrostructural feature. To better resolve the microstructure, a 
higher resolution scan at 5 Tm was run on a smaller Ø2 mm cylinder. Fig. 4.2 (c) and (d) show a 
threedimensional view of the microstructure as well as a single (xy) slice, where a pore (red 
rectangle), a region of eutectic (green rectangle), and a region of primary α (blue rectangle) have 
been identified. At this resolution, the pores can be seen to be quite tortuous as a result of 
having grown into the interdendritic spaces during solidification. To determine the volume 
fraction of pores, eutectic, and primary 3, the reconstructed volume was segmented using 
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Otsu’s method (Fig. 4.3) and an approximate total volume of 2.34 mm3 cropped. The volume 
fractions of pores, eutectic and primary Al were then calculated and are shown in Table 4.1. 
Deducting the amount of porosity, the percentages of primary Al and eutectic are comparable to 
those obtained using the Scheil polynomial approximation calculated in Table 2.1.  
 
Fig. 4.2. Tomographic reconstructions of as cast Al15 wt.% Cu cylinders. (a) is an (xy) slice of a Ø13 mm cylinder at 
a 23.3 Tm resolution; (b) is a 3D view of a Ø2 mm cylinder at a 5 Tm resolution; (c) and (d) are (xy) and (yz) slices 
respectively of the latter cylinder. The red rectangles show pores, the blue rectangle shows the primary 2 phase and 
the green rectangle shows the brighter eutectic AlAl2Cu phase. 
 
 
Table 4.1. Volume fractions for pores, eutectic and 
primary phases in the volume defined in Fig. 4.3 and 















Pores 0.06 2.5 0 0 
Primary 1.41 60.1 61.7 61.4 
Eutectic 0.87 37.4 38.3 38.6 
total % 
 
100 100 100 
 
Fig. 4.3. Thresholded area in which the volume 
fractions were calculated. 
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As a result of casting in a wedge mould, it was also necessary to examine the microstructure 
across the height of the as cast specimen to confirm uniformity. Samples of approximately 
15×10×10 mm were cut at equal intervals of 20 mm along the height of the specimen and were 
then mounted, polished and observed in an optical microscope under a magnification of ×10. By 
assuming the volume fraction is equivalent to the mean area fraction and using Otsu’s 
segmentation method, an average volume fraction of primary 3 and eutectic was obtained using 
ten micrographs of each sample, which was then plotted against the sample distance from the 
top of the wedge. The result is shown in Fig. 4.4. The error bars represent the standard 
deviation from the average volume fraction for ten micrographs. 
The trend of increasing eutectic and decreasing primary aluminium grains as one goes from 
the top to the bottom of the mould may result from a variety of mechanisms. As the cooling rate 
is slower at the top of the mould because the mould is larger in width, solidification conditions 
may be closer to equilibrium conditions where the lever rule dominates, which is characterised 
by a larger volume fraction of primary aluminium grains at the end of solidification (see Table 
2.1). 
 
Fig. 4.4. Volume fraction variation in the wedge mould cast ingot. The linear fit is not perfect but serves to showcase 
the increasing amount of eutectic present the further from the larger top wedge of the mould. Error bars = 1σ. 
 
As cast microstructures 
 
125 
Since the difference between the volume fraction of primary 3 at the top and at the bottom of 
the casting is ~10%, this mechanism cannot explain the top down segregation as the difference 
in primary 3 between the lever and Scheil approximations is around 6.5%. A more likely 
mechanism is gravity macrosegregation. As the solidifying phase rejects more and more Cu into 
the liquid, its density exceeds that of the solid, which allows the primary 3 crystals to become 
buoyant and to drift upwards in the melt (N.B. AlCu alloys are rare in that (Al) crystals float 
in their liquid [17]).  Finally, segmentation errors may play a part in emphasising the trend as 
well. 
An initial trial experiment was conducted to understand the behaviour of the ascast 
microstructures above the eutectic temperature in preparation for in situ experiments at the 
Diamond Light Source synchrotron. A single cylindrical specimen (10×10mm) was uniaxially 
compressed at ~70% solid in a high temperature Zwick compression rig at Imperial College 
London using a load cell of 500N. This involved using a radiation furnace to heat up the ascast 
specimen and isothermally holding it for approximately 3 minutes at 5°C above the eutectic 
temperature before compressing it. The resulting microstructure is shown in Fig. 4.5 and shows 
grains which are a significantly more rounded than the ascast microstructure in Fig. 4.1. The 
large interfacial area of the rosette dendritic crystals promotes rapid morphology changes in 
the semisolid state, as evidenced by Fig. 4.5. This showed that, using the ascast 
microstructures, significant morphological changes occur during semisolid compression, 
precluding a scientific study of grain level mechanisms. In addition, the finer features of the 
rosette dendritic microstructure can only start to be resolved at a better resolution than that 
shown in Fig. 4.2 (c), (d) and Fig. 4.3, i.e. at less than 5 Tm resolution. This trial compression 
showed the microstructure needed to be engineered to not coarsen discernibly in the timeframe 
of a deformation experiment and to have a length scale suitable for in situ tomography.  




Fig. 4.5. Isothermally held in the semisolid state and uniaxially compressed microstructure at magnifications of a) 
×2.5 and b) ×10 respectively.  
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4.2 In situ experimental constraints 
The in situ experimental constraints have been briefly described in Chapter 3 and are 
considered in more detail here. The tensioncompression rig used in this work had a slowest 
possible ram displacement of 1 Tm s1. Because interrupted compression tests in the literature 
involve load relaxation [108], the choice was made to continuously deform the specimens while 
recording the images.   
Regardless of the microstructure, the possible imaging field of views ranged between those 
shown in Fig. 3.3, where the choice lay between fields of view of: 
 9.8×7.3 mm with a 12.22 Tm resolution 
 3.5×2.6 mm with a 4.4 Tm resolution 
 1.8×1.3 mm with a 2.2 Tm resolution 
While obtaining a resolution equivalent to that of the best static laboratory tomography was 
desirable, a tomography volume requires radiographs captured at different angles over a 
minimum of 130° and a maximum of 180°. For the best imaging, a large number of radiographs 
must be captured over the entire angle range, with each radiograph having an appropriate 
exposure time. The smaller the field of view, however, the longer the minimal exposure time 
required for adequate imaging.  
Finally, the number of grains must be considered. The initial as cast microstructure has 
grains approximately 150 Tm in average diameter 6̅. A cylindrical specimen which would fit in 
the smaller field of views would have to be, at its maximum, 1 mm in diameter, or 
approximately 6.5 6̅ across. Even with a 2mm length, this would only mean approximately 400 
grains in the specimen, which is not a large enough number of grains to potentially study 
granular behaviour. 
Therefore, to limit microstructural changes during in situ deformation , to obtain a relatively 
large number of grains in one specimen, and to have adequate spatial and temporal resolution, 
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a field of view of  9.8×7.3 mm with a 12.22 Tm resolution was chosen coupled with a semisolid 
coarsening regime that produced large globules of low surface area to volume ratio before any 
in situ imaging. The coarsening required grains to attain a large enough volume and 
significantly simplify their shape from the as cast morphology in order to be able to 
unequivocally study individual grain behaviour during semisolid deformation. 
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4.3 Phase coarsening and final imaging microstructure 
The aim of this section is to characterise the microstructural evolution with time in post
quenched microstructures for very long isothermal holding times and to examine the 
development of particle agglomerates during isothermal holding. 
4.3.1 Relevant equations 
As reviewed in Section 2.2, the evolution of the microstructure has been shown to scale with 
time [56] such that: 
 6P = 6AP + S (4.1)  
where 6A is the value of 6 at time 0, S is a parameter incorporating the appropriate mass 
transport process as well as a microstructural geometrical parameter, and ¡ is the scaling 
exponent. S is the coarsening rate constant [57]: 
 S = 8D>Mi=fL9b*  (4.2)  
where D is the general diffusion constant in the liquid, >M is the precipitate concentration in 
weight percent in the solid, i= is the solidliquid interfacial energy, fL is the molar volume of 
the alloy at a specific temperature, b is the gas constant and * is the temperature in K. 
Depending on the parameter studied, equation (4.1) can become (mathematics shown in 
equation (2.15)): 
 6 = (6AzP + S)zpP (4.3)  
Modifications to equation (4.1) and (4.2) can be applied for higher volume fractions and real 
geometries, and take the form of an added factor to S such as [67]: 
 
1
p ⁄ − 1 (4.4)  
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4.3.2 Experimental setup 
The ascast Al15Cu (wt.%) specimens were heattreated in a hightemperature oven 
(Lenton, London, UK) in air, monitored using a calibrated Ktype thermocouple. The 
temperature of the oven was set to correspond to 553 ± 1°C, i.e. 4.8 ± 1°C above the eutectic 
temperature. Seven Al15Cu (wt.%) cylindrical specimens with dimensions 5 mm in diameter 
and 5 mm in height were placed in Al2O3 hollow tubes set in fireclay boats. They were studied 
after heattreating for 1 hour, 4 hours, 10 hours, 3 days, 7 days, 13 days and 21 days after being 
removed from the oven and allowed to cool in air.  The evolution of the grain size in three 
dimensions was studied by tomography. 
Using the image processing tools described in Section 3.3.3, the average solid fraction $@, the 
solidliquid interface area 4G, the average grain diameter (dmean), the median grain diameter 
(dmedian), the grain distribution and the sphericity 4 of the particles were obtained. Sphericity is 
described as: 
 4 = (36 × r × fq)
p
4  (4.5)  
where f and 4 are the volume and surface area of the grain respectively. 
4.3.3 Solid fraction evolution and initial spheroidised microstructure 
Fig. 4.6 (a) shows the measured change in 3Al volume fraction with time. The first was 
measured after an hour of isothermal holding, at 0.59, and the 3Al volume fraction stabilises 
to 0.75 after three days, as seen in Fig. 4.6 (a). This is equivalent to a solid mass fraction @ of 
0.56 and 0.74 for the initial and stable values of 3Al fraction respectively with densities in the 
mushy zone calculated using [17]: at 553°C, these are similar to the Scheil prediction of 0.59 
(using polynomial approximations for the Al liquidus) and the equilibrium value of 0.75 
(calculated using a linear approximation for the liquidus). The increase in the solid fraction 
shows a return of the specimen from nonequilibrium to thermodynamic equilibrium, with Cu 
diffusing in the solid phase. 




Fig. 4.6. (a) Variation of the primary 3Al volume fraction with isothermal holding time; (b) Lever and Scheil 
calculated volume fraction solid versus temperature, estimated using a linear approximation ( linear) and the 
digitised values of the liquidus ( fitted). 
Tracking of microstructural parameters was started from an initially spheroidised 
microstructure which had been held in the semisolid state for one hour. This microstructure is 
seen to be consistent across three different specimens in Fig. 4.7, where (a), (b) and (c) originate 
from different specimens  all have 6mean = 131.5 ¸ 4.4 Tm. 
 
Fig. 4.7. Globular microstructure after 1 hour in the semisolid state. (a) (xy) slice of one specimen; (b) (xz) slice 
through another specimen; (c) 3D rendering of the separated grains of a third specimen. 
Because different specimens produced similar scans under microtomography (Fig. 4.7 (a), (b) 
and (c)) with an acceptable standard deviation in the mean grain size diameter, the specimens 
can be considered to have the same initial microstructure and grain size and grain size 
evolution can thus be compared across specimens. In all specimens, the number of grains was 
counted after segmentation in volumes of 2×2×2 mm, excluding grains at the edges. Average 
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values of parameters were calculated using populations ranging from 14000 grains after a one 
hour heattreatment to 600 grains after 21 days of isothermal holding at 553°C. 
4.3.4 Average morphological parameters evolution and grain distributions 
The evolution of several morphological parameters has been examined here: the number of 
grains, the sphericity of the grains, the average diameter of grains, the total solidliquid 
interface area and the mean neck size between particles. 
The number of grains in the analysed volumes decreases with holding time, with the particle 
density ­Û plotted in Fig. 4.8 (a). The LSW theory predicts a particle density inversely 
proportional to time [91], with the equivalent fit shown in Fig. 4.8 (b). A better fit may be 
obtained with a different time dependency. 
 
Fig. 4.8. a) Evolution of particle density with isothermal holding time; b) LSW fit to the experimental data. 
The sphericity of any object is 1 for a perfect sphere and less than unity for a nonspherical 
object. Fig. 4.9 shows that, initially, grains have a mean sphericity of 4 ≈ 0.68 which evolves 
towards a higher value, equivalent to a more globular shape, after 10 hours at 4 ≈ 0.78. The 
average sphericity remains around 0.87 after that, with it not exceeding 0.912 (at 21 days). 
Even at 21 days, there is no perfectly spherical grain. This is because at $ ≈ 0.75, no free 
particles exist and all grains have at least one neighbour with which they share a neck. This 
can be seen in Fig. 4.10, and was also reported in [45]. 




Fig. 4.9. Mean sphericity evolution of solid grains with isothermal holding time. 
The sphericity of the solid globules is high enough that they can be meaningfully 
characterised by an equivalent sphere diameter. Globules range from 96 to 330 Tm in diameter 
an hour into isothermal holding, to 187 to 992 Tm in diameter 21 days into isothermal holding. 
Separated and rendered solid globules of 3Al are shown in Fig. 4.10. The increase in size and 
decrease in number of globules is qualitatively apparent in both the (xy) slices (Fig. 4.10 (a)) 
and the 3D renderings (Fig. 4.10 (b)). 
 
Fig. 4.10. Evolution of the 2Al microstructure during semisolid heattreatment. a) Microtomography (xy) slices 
where the 2Al grains appear dark grey and the eutectic light grey; b) 3D rendering of the isolated grains where both 
spheroidisation and coarsening are apparent. 
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The average volume of the solid globules increases linearly with time and is shown in Fig. 
4.11. The global evolution of the equivalent diameter (both average and median) can be fitted to 
the standard  power law, where the equivalent diameter at time 0 6A(Table 4.3) is in 
agreement with the optical micrograph in Fig. 4.1 (b). The coarsening exponent for the average 
diameter is 1.0 × 10zp¦ m3 s1 (Table 4.3). Using equation (4.2) and the values shown in Table 
4.2 for Al15Cu (wt.%) at 553°C, a much lower calculated constant of S = 1.58 × 10zp m3 s1 
may be obtained when  compared to the experimental data. Equation (4.2), however, assumes 
>? ≪ 100, which is not the case here. By using the additional term to S detailed in equation 
(4.4) [67], a constant S of 9.82 × 10zp m3 s1 is yielded, which is in line with the one observed 
experimentally. This coarsening constant is also low as described by MansonWhitton et al. 
[67], and it is likely because the initial curvature of the ascast microstructure decreases 
dramatically quite quickly, and the longer the experiment (3 days to 21 days) the lower the 
coarsening constant will be. This result hints at Ostwald ripening playing a dominant role in 
coarsening for very long isothermal holding times. 
Table 4.2. Al15 wt.% Cu parameters at 553°C. 
D= (ÞÒ ßà ÏßáÒßâ ãÏ) i= (ãÏzÞÒ) >? >@ fL 




Table 4.3. Parameter values for linear 
fits. 
 
 å R2 
 [Tm] [Tm3 s1]  
mean 160.5 100.01 0.998 
med 162.5 71.046 0.996  
Fig. 4.11. Plot of the average volume, cube of the mean equivalent sphere 
diameter and cube of the median equivalent sphere diameter versus 
isothermal holding time. 
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While the preceding paragraph involved a single value for grain size, the microtomography 
data provides details of the grain size distribution. The grains showing the most change during 
coarsening are the mean grains of 300 Tm in diameter which makes up fifty percent of the 
representative volume of the specimen at day 3, as seen in Fig. 4.12 (a). A 13day isothermal 
holding time produces the most noticeable change, with the mean grain size diameter reaching 
500 Tm (Fig. 4.12 (a)). It is also accompanied by a 20% cumulative decrease of the smaller grain 
size diameters such as 200 and 300 Tm, in association with a 23% cumulative increase of the 
larger grain size diameters such as 600, 700 and 800 Tm (Fig. 4.12 (b)). While heattreating up 
to 21 days does not change the modal 500 Tm grain diameter, it is accompanied by an increase 
in percentage of grains of diameters larger than 500 Tm and a decrease in percentage in the 
number of grains smaller than 500 Tm in diameter (Fig. 4.12 (b)). 
 
Fig. 4.12. Evolution of grain diameters during phase coarsening. (a) Distribution of grain diameters at each stage of 
coarsening; (b) evolution of each diameter range during coarsening. 
If particle shape cannot to be taken into account, a conventional parameter to monitor is 4G, 
which is the surface area of the solidliquid interface normalised by the total volume that is 
being analysed. In this work, 4G is taken as the sum of all the grain surface areas divided by the 
volume of the region of interest being analysed. The evolution of 4G is shown in Fig. 4.13 (a), 
while Fig. 4.13 (b) demonstrates that its change follows equation (4.3) with  S = 1.172 Tmn s1 
and a time exponent ¡ where ¡ = 9.   




Fig. 4.13. Evolution of the normalised surface area 4G during phase coarsening. (a) variation of 4G with time; (b) LSW 
fit to 4G with time. 
This confirms that the time dependency of this alloy is similar to what is expected in the 
modified versions of LSW theory for ripening of spheres dispersed in a liquid. Considering the 
high volume fraction of $ = 0.75, the length of the isothermal holding time is the largest 
contributor to making the evolution of the microstructural parameters fit the volume diffusion 
exponent so closely in Fig. 4.11. 
Similarly to the evolution of 4G, more complex microstructural features, and specifically the 
evolution of necks between the grains, is not well described by a time exponent of 3. In this 
case, the interconnect between grains were projected onto a plane and their areas measured. As 
seen in Fig. 4.14, neck size increases with time, but is particularly scattered and requires a 
time exponent ¡ of ¡ = 2 for a relatively good fit. Because analyses were done postmortem on 
cold microstructures, what are identified as necks here may actually be liquid films that cannot 
be resolved. Their behaviour may thus answer exclusively to Courtney’s coalescence description 
[68], with an exponent smaller than that of Courtney who found ¡ ≈ 2.9. However, further 
experiments would be required to confirm this. 




Fig. 4.14. Variation of the average neck surface area between adjacent particles with isothermal holding time. 
The evolution of microstructural parameters seen here is in line with a more recent in situ 
study of semisolid coarsening in AlCu alloys [45]. The current work corroborates the findings 
that a mechanism similar to Ostwald ripening, but where the grains share a contact area, 
works simultaneously with coalescence to decrease grain density and increase average grain 
sizes with longer isothermal holding times. In this case, Ostwaldlike ripening seems to 
dominate by virtue of the long holding times, but in the initial stages (13 hours), both 
coarsening mechanisms have been observed and must be incorporated in the larger 
understanding of the mechanisms of coarsening [45]. 
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4.3.5 Particle agglomerates 
The very long holding times in the semisolid condition that the specimens have been 
subjected to implies a larger than average amount of welds might be expected between the 
grains as a result of coalescence. Identifying what seemingly appears as agglomerates, or large 
collections of grains which seem to be welded together, is thus of interest in order to anticipate 
the mechanical response during semisolid deformation, whereby agglomerates should move 
together as one body or deagglomerate under load. With increasing strain rate, semisolid 
processing theory predicts the breakup of welded agglomerates under direct shear and 
compression loading [88, 193].  
21 days in the semi-solid state 
 Fig. 4.15 (a) shows a typical (xy) slice containing multiple globuleglobule contacts. To 
determine whether globules appeared agglomerated, four agglomerates were qualitatively 
identified in the original reconstructed volume when particles were not separated by a thin film 
of liquid, as indicated by the yellow arrows in Fig. 4.15 (a). As seen in Fig. 4.15 (c) and more 
extensively in Fig. 4.16, the agglomerates show a range of sizes, from seven particles to thirty
one particles. The cluster formed by each agglomerate is a complex shape, and each 
agglomerate is composed of solid globules of different sizes. Using the centroids of the identified 
particles, the two nearest mean neighbour distances  7 ̅ and 7qæ  were calculated in each 
agglomerate and in the volume as a whole: these values are shown for each agglomerate in Fig. 
4.16 and for the entire volume in Table 4.4. The averaged nearest and second nearest 
neighbour distances in the agglomerates (7 ̅ = 470.1 and 7qæ = 595.5 Tm respectively) are much 
higher than in the total volume (7 ̅ = 459.5 and 7qæ = 512.8  Tm respectively).  This means the 
agglomerated particles are either further apart or are larger than the average particles in the 
total volume: considering the average diameter of the particles in all the agglomerates (606.16 
Tm when the ‘mean diameter’ row in Fig. 4.16 is averaged) is larger than the average diameter 
of solid globules in the total volume (567.57 Tm, as seen in Table 4.4), it may be concluded that 
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the agglomerates are composed of larger than average solid globules when compared to the 
grain distribution of the specimen (Fig. 4.17). 
 
 
Fig. 4.15. Evolution of grain diameters during phase coarsening. (a) Distribution of grain diameters at each stage of 
coarsening; (b) evolution of each diameter range during coarsening. 
 
  






     
 agglomerate 1 agglomerate 2 agglomerate 3 agglomerate 4 
grain number 31 12 7 7 
mean diameter 583 Tm 646.5 Tm 597.4 Tm 597.5 Tm 
mean  417.7 Tm 523 Tm 477.3 Tm 462 Tm 
mean 2nd  497.7 Tm 629 Tm 621.9 Tm 635 Tm 
     
Fig. 4.16. Defining features of four agglomerates in the 21day phase coarsened volume. The number of grains, 
average diameter 6̅ and nearest and 2nd nearest mean neighbour distances 7 ̅and 7qæ  respectively are computed. 
 
 




   
Table 4.4. Defining features of the specimen after 
21 days of phase coarsening in a 2×2×2 region of 
interest: number of grains, average diameter 6̅, 
nearest and 2nd nearest average neighbour 
distances 7 ̅and 7qæ  respectively. 
grains 
æ ̅ æ  
 [Tm] [Tm] [Tm] 
228 567.57 Tm 459.4 Tm 512 Tm 
 
Fig. 4.17. grain distribution in the entire specimen after 21 
days of phase coarsening. 
The shape of the agglomerates, as mentioned previously, is complex. As seen in Fig. 4.16, the 
smallest agglomerate is a little more than 2 mm across (2232.65 Tm, calculated as the distance 
between the centroids furthest apart added to the average diameter in that agglomerate), while 
the largest is almost 3.5 mm across (3492.86 Tm). If the agglomerates are approximated to 
cylinders, those four agglomerates alone occupy 11.06% of the total volume of the specimen, as 
shown in Table 4.5. If the agglomerates are independent entities which move as one body, it is 
expected that they would alter the deformation behaviour of the semisolid specimens compared 
to fully deagglomerated structures. 
Table 4.5. Particle neighbour parameters for the four analysed agglomerates. 
agglomerate 1 2 3 4 Total specimen 
closest neighbour  [Tm] 791.7 643.8 527.29 463.33 2.5 mm 
furthest neighbour ç [Tm] 2909.86 1849.75 1832.05 1665.15 5 mm 
cylinder volume [mm3] 5.73 1.60 2.41 1.12 98.17 
% volume of specimen 5.84 1.63 2.45 1.14 100 
 
7 days in the semi-solid state 
When heattreating for seven days it is more difficult to find agglomerates as it seems most 
particles are separated by a thin layer of liquid in the reconstructed volume, in a similar 
manner as shown by the red arrows in Fig. 4.15 (a). Three agglomerates were identified 
nonetheless, and are shown in Fig. 4.18. Their parameters are detailed in Fig. 4.19. As with the 
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agglomerates in the 21day heattreated specimen, the agglomerates in the 7dayheattreated 
specimen are also composed of above average sized grains, but the number of grains in each 
agglomerate is smaller than the ones in the 21day heattreated specimen: the largest one 
qualitatively identified is composed of 9 grains.   
 
Fig. 4.18. 3D rendering of identified agglomerates in the sevenday heattreated specimen. (a) (xy) view; (b) 
perspective. 
None of the agglomerates are larger than 1.5 mm across (agglomerate 3 is 1427.43 Tm 
across), with the smaller agglomerates 1 and 2 being 1127.08 and 800.87 Tm across 
respectively. If they are approximated as cylinders, they occupy less than 1 percent of the total 
volume. It was also quite difficult to identify them, as mentioned above, because it appears 
most grains are separated by a thin liquid film. 
Overall, the particles are less crowded in the 7day phasecoarsened specimen as opposed to 
the 21day phase coarsened specimen, as seen in Table 4.6. By dividing the average closest 
neighbour distance 7 ̅with the average diameter 6̅ gives smaller factors overall for the 21day 
phase coarsened specimen. This implies that particles grow in closer contact the longer the 
specimen is heattreated and the more the microstructure coarsens, which is in line with the 
agglomeration theory postulated in [5] but counter to the LSW coarsening theory. Further 
implications may be that a 21day phase coarsened specimen will not deform in a similar 
manner to a 7day phase coarsened one, and will present larger and more substantial 





     
 agglomerate 1 agglomerate 2 agglomerate 3  Sample 
grain number 4 3 9 113 
mean diameter 
æ [Tm] 438.54 475.0 411.32 350.87 
mean ̅ [Tm] 411.52 (i.e. 0.94 6̅) 400.89 (i.e. 0.84 6̅) 333.87 (i.e. 0.81 6̅) 316.08 
mean 2nd æ  [Tm] 510.36 (i.e.  1.16 6̅) 435.00 (i.e. 0.92 6̅) 353.79 (i.e. 0.86 6̅) 373.59 
average sphericity ¹ 0.87 0.89 0.91 0.89 
closest neighbour  [Tm] 533.00 403.82 698.19 2500 
furthest neighbour ç [Tm] 776.21 450.60 1076.56 5000 
cylinder volume [mm3] 0.17 0.06 0.41 98.17 
% of total volume 0.18 0.06 0.42 100 
 
Fig. 4.19. Defining features of three agglomerates identified in the sevenday heattreated specimen. The number of 
grains, average diameter 6̅, nearest and 2nd nearest average neighbour distances 7 ̅ and 7qæ  respectively, average 
sphericity, closest and furthest neighbours in the agglomerates, and cylinder volume are computed. 
 











neighbour æ  
average 3rd 
nearest 
neighbour èæ  
average 4th 
nearest 
neighbour éæ  
average 5th 
nearest 
neighbour æ  
 [Tm] [Tm] [Tm] [Tm] [Tm] [Tm] 
7 days 350.87 316.076 373.5905 449.5395 518.3113 581.6736 
neighbour dist/
æ  0.90 1.06 1.28 1.48 1.66 
21 days 567.57 459.498 512.894 556.77 599.893 642.56 
neighbour dist/




Long term isothermal semisolid heattreatments have been shown to be a suitable approach 
to modifying the original as cast microstructure towards much larger grains with a 
considerably simplified shape. This makes any structure coarsened using this method suitable 
for fast imaging at low resolutions. The constraints of the JEEP beamline at a resolution of 
12.22 Tm, in addition to the load cell resolution of the tensioncompression rig relative to the 
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low loads expected when deforming semisolid alloys, limit the possible specimen sizes to 4 to 8 
mm in diameter for cylindrical specimens with a 1:1 ratio. In order to maximise both (1) the 
number of grains and (2) the amount of displacement we could image with the entire 
compressed specimen in the field of view, a specimen size of Ø5×5 mm was chosen for 
compression tests and Ø7.5×5 mm for extrusion tests, with a coarsening time of 8 days. 
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5 In situ tomography of semi-solid 
Al-Cu during uniaxial compression 
This chapter is the first timeresolved 3D study of the microstructural response to load 
during semisolid alloy compression. The study explores the solid fraction range covering 65 to 
94% solid, which falls above most suspension rheology [32, 35, 105] or coherency [9, 81, 113] 
studies (10% <  < 55%) which are associated with the development of viscosity and shear 
strength, but below most hot tearing studies [79, 126, 194] (95% <  < 99%) which are 
associated with the development of tensile strength. This solid fraction range is directly 
relevant to SSP routes such as thixoforging and thixoextrusion and to the pressurisation stages 
of liquid processing routes such as HPDC and squeeze casting. In this intermediate solid 
fraction range, the semisolid specimens can support their weight and the solid network 
transmits load when deformed. It is thus an ideal range to investigate the 3D rheology of semi
solid alloys deformed in uniaxial compression.  
This chapter is split into three sections. First, the undeformed semisolid microstructure of 
all four specimens is quantified. Next, the macroscopic rheology is examined and, finally, the 
discrete grain behaviour during deformation is explored. 
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5.1 Initial semi-solid microstructures 
The four semisolid microstructures used in this work were created using the semisolid heat 
treatment method described in Chapter 4. Here, cast ingots were coarsened for 192 hours in the 
mushy zone at approximately $ ≈ 76% for Al15Cu (wt.%) and $ ≈ 97% for Al8Cu (wt.%), 
followed by partial remelting and isothermal holding. This section quantifies the semisolid 
microstructures just prior to deformation. The experimental setup in which specimens were 
partially remelted is reproduced in Fig. 5.1. 
 
Fig. 5.1. Experimental setup: (1) pyrophyllite compression rams, (2) boron nitride cup, (3) radiation furnace, (4) 
specimen, and (5) thermocouple.  A photograph of the setup mounted in the tensioncompression rig is shown in a), 
while b) shows an exploded schematic of the setup. 
The solid fractions were directly measured from the tomograms of the semisolid specimens 
prior to deformation using image analysis as well as calculated from the calibrated temperature 
measurements plotted in Fig. 5.2 (a). The experimentally recorded temperatures vary 
sinusoidally in Fig. 5.2 (a) as the sample and ram rotate in the stationary furnace. As shown in 
the schematic in Fig. 5.1 (b), the thermocouple is located in the hollow pyrophyllite ram and is 
not in direct contact with the sample. Using an experimentally determined offset, the mean 
measured temperature has been converted to a mean sample temperature in Fig. 5.2 (b), 1st 
row. The variations in the sample temperature will be less than that measured below the 
crucible (Fig. 5.2 (a)) due to the good conductivity inherent to Al alloys and the fact that the 
measured temperature is affected by variations in the thermal contact during ram rotation. 
The standard deviation s in measured temperature is thus taken here as a conservative 
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estimate of the temperature variation in the sample. The measured standard deviation in 
temperature corresponds to volume fractions that do not vary in excess of 1.3% (Fig. 5.2 (b), 2nd 
row).  Thus, all experiments can be considered quasiisothermal. There is good agreement when 
comparing the calculated equilibrium volume fractions $@ O to the volume fraction $@ HLF_HP_ 
determined by image thresholding (Fig. 5.2 (b), 3rd row), with the calculated values falling 
within ¸2% of the measured volume fractions. 
Details of the solid fractions of the specimens are summarised in Fig. 5.2 (b). For the 
remainder of this chapter the specimens will be referred to by their approximate solid volume 
fractions $@ of 64, 73, 87 and 93% solid. 
 
Fig. 5.2. Experimental temperatures: a) temperature profiles acquired during the uniaxial compression experiments; 
b) table of experimental temperature, theoretical solid fraction obtained using the Lever approximation and the 
phase densities [17], and actual solid fraction as determined by the image. 
The microstructures of the undeformed semisolid specimens are shown in Fig. 5.3. In the 
(xy) tomogram slices of Fig. 5.3 (a), the solid appears dark and the liquid bright. As the solid 
fraction increases, it can be seen that the solid packing becomes more crowded while the liquid 
regions become more tortuous. Fig. 5.3 (b) shows 3D renderings of separated and filtered grains 
in 2 mm3 representative regions of each specimen. The grain size of each grain was measured 
as an equivalent sphere diameter: the grain size distributions of the four specimens are shown 
in Fig. 5.3 (c) while the mean and the median grain sizes for each specimen are given in Table 
5.1. The 64% and 73% solid specimens have somewhat larger and fewer grains than the 87% 
and 93% solid specimens, but all specimens have average grain sizes within 15% of each other. 
In coarsening studies it is common to plot the distribution of reduced grain size (i.e. 6/6LOFP) as  




the coalescence ripening theory of Takajo [160] and the LifshitzSlyozovWagner theory of 
Ostwald ripening [57, 58, 100] both predict selfsimilarity. Fig. 5.3 (d) shows that the four grain 
populations are wellapproximated as selfsimilar when plotted in this way. The semisolid 
specimens that were compressed are thus populated with grains of similar sizes and have size 
distributions typical of isothermal coarsening. 
 
Fig. 5.3.Microstructural characterisation of the original undeformed microstructures for four nominal solid fractions 
of 64%, 73%, 87% and 93%. a) Crosssectional (xy) slices, b) 3D rendering of the separated grains, c) grain size 
distributions using equivalent sphere diameter, and d) selfsimilarity curves for the four solid fractions. 
 
Table 5.1. Mean and median grain sizes for the four solid fractions. 
 64% 73% 87% 93% average 6 410 421 377 381 median 6 401 412 359 365 
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Both Fig. 5.3 (b) and Fig. 5.4 (a) show that, at the lowest solid fraction, the grains are 
globular; at the highest solid fraction, the grains have a more complex shape, the latter which 
is required to fill in the space between the grains. Fig. 5.4 (a) shows a typical grain from each 
undeformed specimen. At higher solid fraction, grains have increased surface topography 
characterised by protrusions and dips, which are most evident in the 93% solid specimen. It 
must be noted that the highest solid fraction grains do not have a polygonal shape with 
rounded edges, as is sometimes used in semisolid models [73] and was observed in recent thin
sample radiography deformation experiments on carbon steels [12]. Shape was quantified using 
the sphericity, defined as a specific ratio of volume to surface area of each grain [189] and given 
in equation (3.4). 
The sphericity distributions are shown in Fig. 5.4 (b) for all four specimens. The 64% and 
73% solid samples have similar sphericity distributions and the sphericity decreases with 
increasing solid fraction. The decrease in sphericity is related to grains filling the space 
between grains at high solid fraction.  
While the grain populations have similar 6/6LOFP distributions (Fig. 5.3 (d)), grains at 
higher solid fraction have more complex surfaces with increased relief (Fig. 5.3 (b) and Fig. 5.4 
(a)) in order to fill the space in between them. Thus, in the specimens studied here, higher 
packing is synonymous with a change to an increasingly complex crystal morphology 
accompanied by interstitial liquid channels that are smaller and more tortuous.  




Fig. 5.4. a) Typical grains from each specimen illustrating the change in shape associated with decreasing sphericity. 
, b) sphericity distribution for the four solid fractions. 
All four specimens contain porosity before load is applied as shown and quantified in Fig. 5.5 
(a).  Specimens at 73%, 87% and 93% solid have volumes fraction of porosity of the same 
magnitude of 10z%. Two pore morphologies can be distinguished, round and tortuous, 
examples of which are shown in Fig. 5.5 (b).  While the tortuous pore morphology is ubiquitous 
in all solid fractions, round pores are only prominent at 64% solid and are the cause of the 
increase in volume fraction of porosity from a magnitude of 10z to 10zq %.  
 
Fig. 5.5. a) Preexisting porosity in the four undeformed semisolid specimens. Porosity is red when it is inside the 
samples and green when it is touching the sample surface; b) examples of the two pore morphologies found 
throughout the specimens. 
 
Initial semisolid microstructures 
 
151 
To test for solid fraction gradients in the specimens prior to deformation, two complementary 
approaches were taken. First, the tomograms were volumeaveraged by binning and averaging 
the binarised solid in cubic kernels with volume equal to 10 mean grain volumes. The kernels 
are shown Table 5.2.  
Table 5.2. Kernel calculation for solid phase binning and averaging. 
¹ diam. 
æ ï1 grain ï10 grains cube side Öï10 grainsè  cube side Öï10 grainsè  kernel 
[%] [Tm] [× 10 Tm3] [× 10ä Tm3] [Tm] [pixels] [pixels] 
64 410 3.6 3.6 710 58 59 
73 421 3.9 3.9 730 60 59 
87 377 2.8 2.8 650 54 53 
93 381 2.9 2.9 660 54 53 
 
 
The result of the binning and averaging is shown in Fig. 5.6 (a). All four specimens show a 
relatively homogeneous distribution of the solid phase with no discernible solid fraction 
gradients. 
Next, the lack of solid fraction gradient in arbitrary directions allows the homogeneity of the 
samples to be quantified using mean solid fraction profiles along orthogonal directions. For 
vertical solid fraction profiles, two orthogonal slices were picked approximately in the middle of 
the specimens (shown in Fig. 5.6 (b) and (c)). For each slice, the pixels were summed along each 
row of the image and then divided by the height of the specimen, giving the mean solid fraction 
profiles from top to bottom in the (yz) and (xz) slices shown in Fig. 5.6 (d). Additionally, radial 
mean solid fraction profiles were obtained following the method shown in Fig. 5.6 (e): all slices 
in the zdirection were summed (Fig. 5.6 (e1)), circles were fitted to the summed slice every 10 
pixels ((Fig. 5.6 (e2) and (e3)), and the average of the summed solid pixels was then obtained 
for every annulus starting from the centre circle (Fig. 5.6 (e4)). Fig. 5.6 (d) plots the normalised 
solid fraction profiles for all specimens. All four specimens yield steady solid fractions both (1) 
from the top to the bottom of each specimen as demonstrated by the (yz) and the (xz) plots and 
(2) from the middle to the edge of each specimen as demonstrated by the radial plots. The 
radial profiles contain less noise because the entire volume is used to find the radial solid 
fraction distribution. Fig. 5.6 (d) indicates that, at the beginning of deformation, the solid 
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distribution in the specimens is homogeneous at the macroscale and there are no discernible 
solid fraction gradients in either the vertical or the radial direction. This correlates well with 
the binned and averaged solid phase in Fig. 5.6 (a). Note that, in Al(815)Cu alloys, the 
primary 3phase floats when in dilute suspension because of the higher density of the copper
enriched liquid. This would cause the solid crystals to segregate at the top of the specimen if 
the global solid fraction was too low. As this is not the case here, all specimens can be said to 
contain a solid network (be above the coherency point). 
 
Fig. 5.6. Homogeneity of the undeformed samples: a) solid phase binned and averaged over a volume of 10 mean 
grains, b) crosssectional slice in the yz direction and c) in the xy direction; d) lines profiles across the yz and xz slices 
shown and e) method for radial profile obtainment of a summed 3D stack: here the summed stack at 87% solid is 
shown. 
Parallels can be drawn between the undeformed grain structure in this and previous studies. 
First, the grain morphology in the present specimens is fully globular due to the long semisolid 
coarsening regime of 192 hours, which took advantage of the finescaled equiaxed dendritic cast 
microstructure and contributed to the formation of very large globules with limited surface area 
to volume ratio. This sort of globular morphology is at the core of the semisolid processing field 
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because it delays coherency, allows laminar filling of a high apparentviscosity alloy, and 
reduces semisolid defect formation [7, 9, 13]. Our semisolid coarsening regime can be 
considered an extreme adaptation of the semisolid thermal transformation process [195] 
developed for semisolid processing, which consists of heating a dendritic structure into the 
semisolid range and waiting for it to evolve into a spherical microstructure. Results obtained 
here can thus be immediately compared and contrasted to other nondendritic isothermal 
studies of parallel plate compression. 
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5.2 Bulk, macroscopic response to load 
Fig. 5.7 shows vertical slices approximately halfway through the specimen at three stages 
during semisolid uniaxial compression. The lightest phase is the liquid, the grey phase is the 
3 − Al solid, the darkest phase is the gas inside and around the specimen, and the moving ram 
is visible at the top of the specimen. The specimens deform with some barrelling as they did not 
spread readily on the rams despite the rams being coated with a boron nitride lubricant. A 
striking feature in Fig. 5.7 is that uniaxial compression causes porosity/cracking in the 73, 87 
and 93% solid samples, and that the extent of porosity/cracking increases with increasing solid 
fraction and increasing ram displacement.  At 87 and 93% solid, cracking starts at the 
beginning of deformation and the cracks do not close during deformation. 
Porosity was labelled as either internal or surfaceconnected, and was tracked during 
deformation. Fig. 5.8 (a) shows 3D renderings of both internal and surfaceconnected porosity 
at strains similar to Fig. 5.7. It can be seen that the developing porosity/cracking is surface
connected and, therefore, that air is drawn into the sample during uniaxial compression. The 
volume of air in each specimen is plotted with increasing strain in Fig. 5.8 (b) where it can be 
seen that: (1) surfaceconnected porosity increases with increasing strain in all four solid 
fractions, (2) the surfaceconnected air volume (at a given axial strain) increases with 
increasing volume fraction of solid and (3) the rate of increase of surfaceconnected porosity 
increases with increasing solid fraction. 




Fig. 5.7. Uniaxial compression of the four specimens at solid fractions of 64%, 73%, 87% and 93%. Transversal (xz) 
slices show the beginning, middle and end of the compression. An additional movie is attached to the thesis to 
illustrate the complete deformation. 
 
Only the specimen at 64% solid displays a significant decrease in internal porosity. At higher 
solid fractions, internal porosity either remains nearconstant (73% and 94% solid) or exhibit 
significant scatter (87% solid). Mechanisms behind the overall change in porosity volume 
fraction will be examined in tandem with the stressstrain response of the specimens, and the 
behaviour of individual pores will be explored with the discrete grain analysis. 




Fig. 5.8. Change in volume of internal voids and surfaceconnected voids with increasing strain during uniaxial 
compression plotted in c) with b) 3D renderings of the internal voids (red) and surfaceconnected voids (green) for all 
four solid fractions. Note the different pore volume axis for each sample. 
Fig. 5.9 shows the process by which air is drawnin in more detail using surfaceconnected 
pores at the top and at the side of the 73% specimen as examples. The location where all three 
example pores develop is shown in Fig. 5.9 (a). As shown by the (xz) tomogram slices in Fig. 5.9 
(b), (c) and (e), the oxidisedliquid surface is sucked into the sample both under the compressive 
load from the ram (Fig. 5.9 (b), (c)) and at the radial free surface (Fig. 5.9 (e)). During axial 
loading, oxidisedliquid menisci develop into surfaceconnected air pockets that propagate 
through the specimen via the liquid channels. Detectable menisci are present at a true axial 
strain of ~6% both at the top and at the sides of the specimens. 3D renderings of those menisci 
are shown in Fig. 5.9 (d) and (f): all menisci continuously grow into the sample during uniaxial 
compression, but the development of menisci into very large gas pockets only occurs for menisci 
Bulk, macroscopic response to load 
 
157 
at the side of the specimens. This is seen in Fig. 5.8 (a) at 73% solid and a true axial strain of 
approximately 25%. Similar processes appear to occur at higher solid fractions, but they 
happen during the first dynamic tomogram and are not temporally resolved.  
 
Fig. 5.9.  Surfaceconnected pore development at 73% solid: a) future location of 3 example pores in the undeformed 
sample, (xz) slices of the development in 2D of top pores b) pore 1 and c) pore 2, d) 3D rendering of pores 1 and 2, e) 
(xz) slices of the development in 2D of side pore 3, and  f) 3D rendering of pore 3 on the specimen surface.   
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To visualise the phenomena at 93% solid fraction, analysis was performed on a timeresolved 
dataset recorded at a slower displacement rate (1 Um s1 instead of 5 Um s1).  The results are 
shown in Fig. 5.10, where the propagation of the menisci from the surface by the growth of 
surfaceconnected voids can be clearly seen.  The packing of the solid phase at 87% and 93% 
solid is such that the propagation of menisci into the specimen appears as cracking, although 
the mechanism is essentially the same as at lower solid fraction. 
 
Fig. 5.10. Crack propagation via meniscus formation at 93% solid and a strain rate of 1 Um s1. (a) All surface
connected voids in the specimen, (b) randomly selected meniscus development during compression.  
In the case of Fig. 5.8 and Fig. 5.9, the development of menisci at the top and bottom of the 
specimens first imply that, isothermally and under uniaxial compressive strain, the 
microstructure in direct contact with the ram responds first with the grains spreading 
themselves apart and increasing the distance between them. This widens the liquid channels 
and causes detectable meniscus formation (Fig. 5.8 (a), 1st row and Fig. 5.9 (b) and (d)). At 
higher solid fractions, this behaviour happens on the entire surface of the specimen: the 
unconfined lateral sides, as well as the top and bottom surfaces of the specimen, develop 
menisci at the same strain (Fig. 5.9 (d) and (f)). Only the menisci at the unconfined surfaces, 
however, develop into larger air pockets at larger strains (Fig. 5.8 (a), 2st row and Fig. 5.9 (f)). 
In this case, the primary 3 −Al grains of the entire specimen are increasing the distance 
between them, widening the liquid channels and creating menisci. However, because of the 
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significant barrelling associated with the unconfined uniaxial compression in these 
experiments, the grains in direct contact with the ram move apart less than the grains near the 
unconfined sides of the specimen. On average, the width ℎ of the liquid channels is therefore 
larger at the sides that at the top and bottom, which leads to large air pockets developing 
preferentially from the unconfined sides of the specimen. This behaviour is also valid at the 
highest solid fractions (Fig. 5.8 (a), 3rd and 4th row): while temporally unresolved, the 
propagation of the menisci from the surface is suggested by the growth of surfaceconnected 
voids. As menisci grow into the surface channels, this phenomenon resembles crack 
propagation, or multiple crack propagation, which initiate from the surface. This is 
qualitatively illustrated in Fig. 5.10 at 93% solid. The liquid channels at 93% solid, however, do 
not necessarily look wider even as the cracks propagate, which is a limitation of the resolution.  
This section has shown that, for all solid fractions from 64% to 93% solid, unfed uniaxial 
compression is accompanied by the development of menisci at the surface of the specimens. 
Above 64% solid, these menisci are drawn into the sample, developing into large surface
connected pores where the deformation is greater (i.e. where the specimen is unconfined). At 
very high solid fractions, this behaviour causes significant meniscusinitiated cracking. The 
grain level mechanisms leading to meniscus formation and propagation will be examined with 
the discrete grain level response in Section 5.3. 
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5.2.1 Bulk mechanical response 
A traditional metallurgical approach 
Fig. 5.11 plots the bulk mechanical data in fours ways. Fig. 5.11 (a) are the original load
axial displacement curves. Fig. 5.11 (b) are engineering stressengineering strain curves 
calculated from equations (3.6) and (3.8) in Chapter 3. Fig. 5.11 (c) are axial true stresstrue 
strain curves using equations (3.5) and (3.9) in Chapter 3, where equation (3.9) assumes a 
deformation at constant volume [190]. Since the sample undergoes significant barrelling and 
air is drawn into the sample, these assumptions do not closely approximate reality in these 
experiments.  Therefore, Fig. 5.11 (d) plots axial true stresstrue strain curves where in situ 
imaging has been used to measure the true specimen area in contact with the moving ram in 
each tomogram. This allows the true stress to be calculated as: 
 sIzF = §<HP EQPIFEI HIR mFL × 100 (5.1) 
All four ways of plotting the mechanical data show the same general features: (i) the 73, 87 
and 93% solid samples all exhibit a peak whereas the 64% sample does not (see the inset in (b) 
and (d)), (ii) the peak stress increases with increasing solid fraction, (iii) those samples that 
have a peak stress exhibit strain softening, and (iv) after strain softening a final period of 
deformation occurs at relatively low stress.  The loaddisplacement curves and the derived 
stressstrain curves in Fig. 5.11 (b) and (c) result in a final stress level that differs for each solid 
fraction.  Interestingly, the true stressstrain curves based on in situ imaging of the true 
contact area show a different result: that the final stress level is approximately constant, at 
115 ¸ 17 kPa, for all four solid fractions.  It is important to note that this would not have been 
detected without in situ imaging. 
Fig. 5.12 correlates the true stress behaviour (black) with the macrostructural changes in 
each sample, showing vertical (xz) slices taken halfway across the specimen at six stages of 
deformation. For the specimen at 64% solid, the slices have been chosen at somewhat regularly 
spaced intervals during deformation. For the specimens at 73, 87 and 93% solid, the slices 
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represent the following stages: I) the undeformed state, II) the highest slope of the true stress
true axial strain curves, III) the apex of the curves, IV) the middle of strain softening, V) the 
beginning of the steady state, and VI) the steady state. In addition, the development of surface
connected porosity is plotted with increasing axial strain on the same stress plots. 
 
Fig. 5.11. Bulk mechanical response for all four solid fractions. a) Load  axial displacement curves, b) engineering 
stress  engineering axial strain, c) true stress calculated using Eq.  true axial strain, d) true stress computed from 
specimen contact area – true axial strain. 
The slices demonstrate a correlation between the existence of a peak in the true stresstrue 
axial strain behaviour and the initiation of surfaceconnected porosity at the sides of the 
specimen. The specimen at 64% solid (Fig. 5.12 (a)) has no peak stress and surfaceconnected 
porosity is not drawn into the sides of the sample. The transition from stage I to stage VI is 
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characterised by a small but steady increase in surfaceconnected porosity (Fig. 5.8 (b), 1st plot) 
which manifests itself as shallow depressions (menisci) at the top and the bottom surfaces of 
the specimen (Fig. 5.8 (a), 1st row). This steady drawingin of surfaceconnected porosity 
correlates well with the increasing true stress curve for increasing strain. While the curves do 
not have the same overall shape, both curves change slope around approximately the same 
strain (48% true axial strain), and subsequent deformation occurs with little change in stress 
or pore fraction.  
This coupled relationship between porosity and true stress is mirrored in all three other 
specimens. For all three solid fractions, slice III corresponds to the peak stress and the onset of 
lateral porosity generated from the drawingin of the menisci at the sides of the specimens (Fig. 
5.9). Slices IV, V, and VI correspond to the strain softening, the beginning of the steady state 
and the end of the steady state respectively. For all three solid fractions, the peak stress is 
correlated with the development of the surfaceconnected lateral voids (Fig. 5.9 and Fig. 5.10). 
It is interesting to note that the specimen at 93% arrives at its steadystate stress later than 
the others. This is very likely due to the difficulty in accommodating strain and flowing at very 
high solid fractions. 
A range of past studies on semisolid alloy compression also report that the stress increases 
with strain until a peak stress is reached, followed by a region of strain softening before 
reaching a steady stress state [51, 52, 108, 109, 115, 116].  In a semisolid processing 
framework, the currently accepted overarching theory attributes this mechanical response to 
the deagglomeration of existing welds between grain agglomerates. Fig. 5.8, 5.9 and 5.10, 
detailing meniscus formation and development, suggest grains are moving apart during 
uniaxial compression. Deagglomeration thus remains a feasible interpretation of the stress
strain curves shown in Fig. 5.12, whereby the peak corresponds to the breaking of the welds 
due to deagglomeration and signifies a decrease in the degree of cohesion of the solid skeleton 
formed by the solid phase. An alternative discrete interpretation of compression during 
equiaxed solidification posits, however, that (1) there are no existing welds before 95% solid, 
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and (2) the mush behaves like a sponge in compression [122]. While bulk results are unable to 
ascertain (1), the current work does not show any significant solidliquid separation during 
compression and grains seem to move further apart, contradicting the sponge compression 
interpretation in (2). 




Fig. 5.12. True stress and percentage surfaceconnected porosity plotted against true strain for specimens at a) 64% 
solid, b) 73% solid, c) 87% solid and d) 93% solid. 
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A granular approach 
Recent work has shown that semisolid alloys can exhibit granular characteristics during 
deformation [811], with the most striking feature being that specimens increase in volume 
when they are sheared.  Therefore, a granular analysis of the bulk mechanical data was 
performed to explore whether this approach is meaningful and valid in semisolid compression. 
In granular mechanics, it is common to define the strain with respect to the solid assembly 
rather than the whole material, such that a contractive volumetric strain occurs if grains move 
closer together and liquid/gas is expelled, and a dilatational volumetric strain occurs if grains 
move apart and liquid/gas is drawn into the expanding interstitial spaces.  To take a similar 
approach here, the sum of the developing surfaceconnected porosity, the existing initial 
porosity, and the liquid phase was defined as the ‘interstitial fluid’ and the change in the 
volume of solid plus interstitial fluid was used to calculate the volumetric strain.  The change 
in volume of each specimen as defined by the edges of that specimen was calculated using Eq. 
(5.7), where in this case f is the current volume of the specimen and fA the volume of the 
specimen in the undeformed state. Details of the computation of εV for bulk specimens are given 
in Section 3.3.3.  The volumetric strain is plotted versus true axial strain in Fig. 5.13 (b). When 
viewed in this way, all specimens undergo a volumetric expansion during deformation and the 
maximum volume strain increases with increasing solid fraction.   
Since the volume of the solid in each sample is nearconstant because of the isothermal 
deformation, and the volume of interstitial fluid increases during deformation, the solid 
fraction, defined as $ = 1 − ð$all porosity + $=ñ decreases during compression. The solid fraction 
is plotted versus axial strain in Fig. 5.13 (c), in conjunction with the axial stress (Fig. 5.13 (a)) 
and the volumetric strain (Fig. 5.13 (b)). It can be seen that steady states seem to be reached 
for both the stress and the solid fraction.  Importantly, the steady state values of axial stress 
115 ¸ 17 kPa and solid fraction (62.4 ¸ 1.9%) are approximately the same for all samples.  Thus, 
irrespective of the initial solid fraction, all samples have moved to the same steadystate 
combination of solidfraction and axial stress. The lowest solid fraction of 64% solid does not 
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change significantly during deformation, remaining within the 62.4 ¸ 1.9% that all samples 
reach.  
 
Fig. 5.13. Bulk mechanical response of four solid fractions: a) true axial stresstrue axial strain, b) volumetric strain
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To perform further granular analysis, the true stress and true volumetric strain responses 
were plotted with respect to the maximum shear strain iòóô instead of axial strain. The 
maximum shear strain iòóô is calculated from [147]: 
 iòóô  = )F − )m = 12 (3)F − )Û) (5.2) 
where )F is the true axial strain, )m the strain due to the confining pressure (atmospheric 
pressure in the current work) and )Û the true volumetric strain. This arises from the uniaxial 
strain matrix which may be described as: 
 )Hõ = ö)F 0 00 )m 00 0 )m÷ (5.3)(5.2) 
In an undrained triaxial test on soil, which is equivalent to an unfed compression test with a 
confining pressure of 1 atm, the volumetric strain )Û is equal to: 
 
)Û = )p + )q + ) 
= )F + 2)m (5.4)(5.3) 
 Fig. 5.14 shows the steady state reached by both the axial stress and the volumetric strain 
after the peak in stress more clearly than Fig. 5.13. These figures suggest that the bulk 
mechanical response can be interpreted within a granular framework. In particular that, at 1 
atm confining pressure, semisolid alloys have a critical state of 62.4 ¸ 1.9% solid and 115 ¸ 17 
kPa axial stress. In support of this interpretation, the maximum shear strain at which the peak 
stress occurs corresponds to the maximum slope of the volumetric strain versus shear strain, 
which is a common characteristic of granular soils [147]. 




Fig. 5.14. True stress and true volumetric strain plotted against maximum shear strain for the four solid fractions 
investigated: a) 64%, b) 73%, c) 87% and d) 93% solid. 
Preliminary conclusions 
There therefore seem to be two possible interpretations of the bulk mechanical behaviour of 
semisolid specimens during uniaxial compression: (1) the traditional SSP understanding based 
on a combination of grain rearrangement and grain deagglomeration [5, 13, 111, 193] 
accompanied by cracking; and (2) an alternative interpretation involving a semisolid alloy 
acting as a cohesionless granular material, where shearinduced dilation or contraction brings 
the sample towards a critical state. In order to reveal which interpretation is valid, individual 
grain behaviour was explored next.  
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5.3 Discrete grain behaviour 
While it is possible to isolate and label the grains in all four solid fractions, the propagation 
speed of the surfaceconnected porosity during deformation renders the watershed method 
unreliable at higher solid fractions. Thus discrete globular behaviour at the scale of the 
specimen was only examined fully in solid fractions of 64% and 73%, and only selected analyses 
were performed at higher solid fraction. 
5.3.1 Grain size and shape during deformation 
Grain volume 
To explore any solidification and/or melting of the solid 3 −Al grains during deformation, the 
change in radius of individual grains was computed per 2% axial strain increments and is 
shown in Fig. 5.15. The radii change ranges from less than 10 Tm to 20 Tm, which is 
equivalent to a range of 1 to 2 pixels. Therefore, within the resolution limit of this study, there 
is not any significant solidification or remelting of the individual grains, and deformation is 
wellapproximated as isothermal.   
 
 
Fig. 5.15. Change in radius per 2% strain increment at solid fractions of 64% and 73%. 
 
 




To investigate whether grains are deformed during uniaxial compression, the change in 
sphericity of each grain was studied between tomograms. Fig. 5.16 (a) shows histograms of the 
change in sphericity per 2% percent axial strain increment for the 64% and 73% solid samples. 
The sphericity change of all the grains at both solid fractions during each experiment is within 
¸5%. In addition, Fig. 5.16 (b) shows that the accumulated surface change of 50 randomly 
selected grains in each specimen over the entire experiment duration is, only between 1 and 2 
pixels for almost all grains. The apparent shape change of the grains is thus within the 
detection resolution of our experiments. Therefore, within the resolution limit of this study, the 
grains can be considered quasirigid and deformation occurs by the rearrangement of grains 
and the flow of liquid. 
 
Fig. 5.16. Grain shape change during the experiments: a) sphericity change per 2% strain increment at solid 
fractions of 64% and 73% (scale bars are 120 um), b) for a random sampling of 50 grains, a histogram of the 
cumulative thickness of the change in shape of each grain for solid fractions of 64% and 73%. 
5.3.2 Behaviour of total grain assemblies 
The displacement of each grain in the 64% and 73% solid specimens is shown in Fig. 5.17 as 
(i) the zcomponent of translation, (ii) the Euler distance (scalar translation) and (iii) the 
rotation angle of each grain.  
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The discrete approach yields a nearuniform displacement gradient in the z-direction for 
both specimens and the solid phase does not develop any inhomogeneities or localisation during 
deformation. As seen in Fig. 5.17 (a), the grains in contact with the ram move the most in the 
direction of the applied load, while the grains at the bottom of the specimen remain, on 
average, stationary. For a 2% incremental axial strain, the Euler distance shows that only 
certain grains move significantly. Fig. 5.17 (c) highlights, for both solid fractions, stationary 
grains in a roughly pyramidal shape originating from the bottom of the specimen. For the same 
incremental axial strains, all other grains move relatively uniformly, with the grains close to 
the unconfined edges of the specimens more likely to travel a greater distance. This is 
correlated to the significant barrelling of the specimens during deformation [190]. Finally, the 
rotation of each grain for the same incremental axial strain is illustrated in Fig. 5.17 (d) and 
points to a spectrum of rotation values with no apparent spatial order to them at any time 
during deformation. It is of note that the spatial and temporal distributions of the translation 
and the rotation do not seem to differ between the specimens, even though the true stresstrue 
axial strain curve of the specimen at 73% solid displays a peak while the specimen at 64% solid 
does not (Fig. 5.17 (b)). This implies that the rules governing the displacement of individual 
grains is identical for both solid fractions, whereby grains all move individually with respect to 
their neighbours. 
Three different incremental strains are displayed in Fig. 5.17 and illustrate three different 
regions of the stressstrain curve as described in 5.2.1: (I) the maximum slope of the true stress
true axial strain curves, (II) the apex of the curves and (III) the beginning of the steady state. It 
is notable that for all three regions, the behaviour of the grains is indistinguishable: all grains 
seem to behave as separate, rigid entities which reorganise during deformation. 




Fig. 5.17. Homogeneous deformation at solid fractions of 64% and 73%. Per 2% incremental strain, a) the translation 
of each grain in the zdirection is shown for 64% and 73% above b) their respective true stress true strain curves, 
and followed by c) the Euler distances of each grain and d) the rotation of each grain. 
While grain rotation does not seem to be spatially organised, Fig. 5.18 shows a strain 
dependence to the frequency of high rotations. For both 64% and 73% solid and an axial strain 
increment of 2%, Fig. 5.18 (a) and (c) respectively show that there are few grains with high 
rotations (>30°) at the beginning of deformation and the most common rotation values are low 
and spread across most diameters. At much higher absolute axial strains, and for the same 
incremental strain, there are many more grains, usually with small to medium grain diameters 
(<600 Tm), that rotate significantly (>30°). This is observed for both 64% solid in Fig. 5.18 (b) 
and 73% solid in Fig. 5.18 (d). This increase in frequency of high rotation is reflected in the 
increase of the mean rotation angle from 6.50° to 8.26° for a solid fraction of 64%, and from 
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5.39° to 8.39° for a solid fraction of 73%. Grains in both specimens are thus behaving very 
similarly in threedimensional space under load. 
 
Fig. 5.18. Density of the rotation angle associated with each equivalent sphere grain diameter for 2% incremental 
strain at solid fractions of 64% (strains of (a) 3.1% and (b)29.5%) and 73% (strains of (c) 0.9% and (d) 27.1%). 
This similar behaviour is not, however, reflected in terms of coordination number 
distribution. Fig. 5.19 plots the change in coordination number for increasing strains in both 
solid fractions. A shift can be seen at the start of the deformation: as seen in Fig. 5.19 (a), the 
mode of the coordination number increases from 5 to 7 at 64% solid, while in Fig. 5.19 (b) at 
73% solid, the mode of coordination number decreases from 7 to 6. This suggests the grains in 
each specimen rearrange in order to find a packing distribution suitable for deformation, and 
that the initial coordination number is an indicator of the packing of the initial microstructure. 
By shifting its entire distribution to the right in Fig. 5.19 (a), the specimen at 64% solid packs 
its grains closer together during deformation, increasing its average coordination number. In 
contrast, the coordination number distribution in the specimen at 73% solid is shifted to the left 
in Fig. 5.19 (b), indicating that grains become less packed and reduce the number of contacting 
neighbours during deformation. 




Fig. 5.19. Histogram of coordination number in solid fractions of a) 64% and b) 73%. 
To confirm the above hypothesis, the average doublet length of each grain was computed, 
where the doublet length is defined as the distance between neighbouring centroids. By using a 
Delaunay triangulation, the average distance of each grain centroid to all its neighbours was 
calculated, and the grains were subsequently shaded by doublet length. For 64% solid and 73% 
solid, the results are displayed in Fig. 5.20 and 5.21 respectively. Both plots in Fig. 5.20 and 
5.21 (a) show a gradual movement of the distributions to higher doublet length with increasing 
strain, i.e. towards larger average distances between the grains with increasing strain. 
However, the shift is subtle at 64% solid and much more pronounced at 73% solid.  
The grains at 64% solid have the same mode distance of 550 Tm during the entire 
deformation, with a gradual 2% decrease in the frequency of grains with average neighbour 
distances smaller than 550 Tm and a mirrored increase in grains with an average neighbour 
distance between 600 and 700 Tm. This seems to indicate that only a certain proportion of 
grains are moving further apart. When qualitatively examining Fig. 5.20 (b) it can be seen that 
the more yellow and orangecoloured grains are situated towards the edges of the specimen. 
Coupled with Fig. 5.19 and Fig. 5.8, this indicates that the grains moving further apart are 
preferentially at the edge of the specimen and are likely to be associated with the initiation of 
detectable menisci at the top and bottom of the specimen. In addition, a striking feature of Fig. 
5.20 (b) is that regions shaded a particular colour do not change significantly during 
deformation. Areas where grains are more crowded remain that way, as do areas where the 
grains are initially more spaced out. 
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In contrast, the grains at 73% solid show a much more pronounced broadening of the 
histogram of average distances towards larger neighbour distances. A significant skew towards 
a larger average distance of 600 Tm happens at the peak stress, which occurs at a strain of 
8.7%. After strain softening and at the end of the experiment, the mode distance of 600 Tm 
doesn’t change but the distribution broadens to preferentially include larger distances. When 
looking at the colour distribution in Fig. 5.21 (b), it can be seen that the overall colour scheme 
moves towards the yellow end of the spectrum across the specimen in its entirety, indicating 
that all the grains, on average, move further apart from their neighbours.  
The specimen at 73% solid is thus composed of individual grains which all move apart from 
their neighbours during deformation causing the grain assembly to dilate. This causes the 
liquid channels between the grains to widen, as described by Eq. (5.23), until menisci are 
drawn in from the surface of the specimen. With increasing strain, these menisci develop into 
air pockets as grains continue to move apart; this grain behaviour is the source of the final 
volumetric strain of 12%.  This is in opposition the specimen at 64% solid, which only dilates 
infinitesimally and develops shallow menisci at the top and bottom of the specimen. Grains do 
not significantly increase the distance between their centroids and only rearrange in order to 
accommodate increasing strain.    




Fig. 5.20. a) Histogram of the average distance of each grain to all its neighbours, b) specimen with grains shaded by 
average neighbour distance. 
 
 
Fig. 5.21. a) Histogram of the average distance of each grain to all its neighbours, b) specimen with grains shaded by 
average neighbour distance. 
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5.3.3 Behaviour of local grain assemblies 
By selecting specific assemblies of grains in contact, mechanisms behind the overall 
specimen shape change were investigated. In order to span the range of solid fractions 
available, 15 and 16 grains in continuous contact during part of the experiments were chosen at 
solid fractions of 73% and 93% respectively.  
Both grain assemblies were chosen in regions with no porosity at any time (i.e. where the in
flow or outflow of liquid compensated for any changes in local solid packing). The grain 
assemblies and their location in the specimen can be seen in the 3D renderings in Fig. 5.22 (a) 
and (b) respectively. The volume of each local 15/16 grain assembly was defined as the volume 
of the polyhedron formed by the centroids of the contacting grains, as is common in granular 
mechanics.  Then, the development of polyhedron volume with increasing axial strain was used 
to calculate the volumetric strain )Û (please refer to Eq. (5.7)). )Û is plotted in Fig. 5.22 (a) and 
(b) and is shown to increase for increasing axial strains (up to )Û = 20% for the selected  local 
assembly at 73% solid, and up to )Û = 10% for the local assembly at 93% solid). This increase in 
volume of the polyhedron formed by the centroids is illustrated in Fig. 5.22 (c), where the 
grains are rendered in grey and the polyhedron is coloured by volume change. Fig. 5.22 (d) and 
(e), which show translation vector magnitude and grain rotation respectively, indicate that each 
grain is displacing independently.  This can be deduced by noting that neighbouring grains 
coloured identically at one increment often have different colour in the next, and neighbouring 
grains travelling identical magnitudes often undergo a different rotation. Grains therefore 
translate and rotate as independent bodies and these grain assemblies dilate with increasing 
axial strain, increasing the overall volume they occupy via the grains pushing each other apart 
as they rearrange.  Since no porosity formed in these local assemblies, volume strain is 
accommodated by liquid flow into the spaces between grains. This is the first direct proof of 
shearinduced dilation in semisolid alloys during bulk 3D deformation, both at 73% and 93% 
solid. 




Fig. 5.22. Dilation of 15 and 16grain assemblies in continuous contact at a solid fraction of 73% and 93% 
respectively. Position and volumetric strain of each assembly for increasing strain at a) 73% solid and b) and b) 93% 
solid, c) 3D rendering of the polygon formed by the grain centroids of each assembly, d) Euler distance travelled by 
each grain per 2% incremental strain and e) rotation of each grain per 2% incremental strain. 
This rearrangement of the solid phase is associated with no significant shape change of the 
grains, as evidenced by Fig. 5.16, and occurs throughout the entire experiment. The overall 
shape change of the specimen can thus be understood in terms of the independent 
rearrangement of the grains under the applied load. It is worth noting that the local assemblies 
are in different locations in each specimen: Fig. 5.22 (a) shows the assembly at 73% solid is 
located almost at the centre of the specimen, indicating its constituent grains move 
significantly more than the grains of the assembly at 93% solid, which, as seen in Fig. 5.22 (b), 
is near the bottom of the specimen next to the stationary ram. This explains the larger 
volumetric strain of the assembly at 73% solid.   
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Changes in internal porosity during deformation 
Further insights into the microstructural response to load can be gained from the behaviour 
of internal pores during isothermal compression. A detailed analysis was therefore conducted 
on internal pores in the lowest and highest solid fraction specimens (64% and 93% solid). 
Lowest solid fraction 
By tracking the internal round pores and calculating their equivalent sphere diameter, Fig. 
5.23 (c) and (d) show that all round pores in the 64% solid specimen decrease in diameter 
during bulk compression. Some disappear completely, such as pores A, B, and C whose 
equivalent sphere diameters are plotted in Fig. 5.23 (d), with a 3D rendering of pore C in Fig. 
5.23 (c). Other pores decrease significantly in size, such as pores D and E, with a 3D rendering 
of pore E shown in Fig. 5.23 (c). In contrast, the smaller tortuous pores shown in Fig. 5.23 (b) 
maintain a nearconstant volume during the entire deformation. The 20% scatter associated 
with the volume of pore L is a function of its complex shape and its overall size. These tortuous 
pores are smaller than the round pores in Fig. 5.23 (c) and their geometrical complexity and 
smaller size makes then extremely sensitive to thresholding during image processing, 
exaggerating the effect of just a few pixels. Preexisting tortuous internal pores do not 
discernibly change size under compressive strain at 64% solid, while existing round pores 
decrease in size and/or close. 





Fig. 5.23. Internal pore behaviour at a solid fraction of 64%. a) two pore morphologies examined: tortuous (green) 
and , round (red); b)  change in volume of the tortuous pores with increasing strain, accompanied by 3D renderings of 
typical pores at strains indicated by the blue columns in plot (b); c) change in equivalent sphere diameter of the 
round pores with increasing strain, and d) change in volume of the round with increasing strain. 
Classically, the evolution of porosity during casting solidification is due to a combination of 
dissolved gases (in Al alloys, hydrogen) [80, 170] and inadequate feeding of the volumetric 
shrinkage [80, 196], which have been briefly reviewed in Section 2.4. The equation describing 
how gas pressure in the pore balances with the pressure inside the solidifying liquid [23] is 
reprinted here, along with the pressure drop which occurs due to shrinkage: 
 ¬_ = ¬? + 2i_=:  (5.5) 
where ¬_is the pressure inside the pore, ¬?is the pressure in the liquid, and q¤øZm  is pressure 
due to the gas/liquid interfacial energy. The pressure differential Δ¬ is thus: 
 Δ¬ = ¬F − ¬? = ¬F − ¬_ + 2i_=:  (5.6)  
where ¬F is the ambient pressure. 
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In the undeformed isothermal state, pores are at equilibrium with their surroundings. As 
pore radius decreases, the pressure due to the gas/liquid interfacial energy increases 
significantly, causing the pressure differential Δ¬ to become positive. This positive feedback 
loop drives pore closure.   
The behaviour of these round pores and the reduction of their radius : can be correlated to 
the 3 − Al grain environment and grain configuration around the pore. The relationship 
between round pore diameter and pore coordination number (i.e. the number of grains within a 
5 pixel radius of the pore and which are considered to be touching the pore) is explored in Fig. 
5.24. Two pores were chosen, pore C (which closes) and pore D (which decreases in size and 
reaches a plateau), as per Fig. 5.23 (c). Their equivalent sphere diameter is replotted in Fig. 
5.24 (a). The grains in direct contact with the pore were identified and, using the polyhedron 
whose vertices are the grain centroids, the volume formed by all the grains around the pore was 
computed. By looking at the change in volume of that polyhedron with increasing strain, the 
volumetric strain )Û of the grain assembly surrounding the pore was calculated and plotted in 
Fig. 5.24 (c) using equation (5.7). 
 )Û = ln } ffA~ × 100 (5.7)  
where f is the current volume of the polyhedron formed by the centroids of the grains 
surrounding the pores, and fA is the initial volume of the polyhedron in the undeformed state. 
The number of grains in direct contact with the pore with increasing strain is shown in Fig. 
5.24 (c). The pore, its direct contacts and the polyhedron formed by the neighbouring grain 
centroids is shown in Fig. 5.24 (d). For both pores, a decrease in equivalent sphere diameter is 
correlated with a decrease in the number of grains which are direct neighbours. For pore D, a 
decrease in the number of grain neighbours from 5 to 4 in Fig. 5.24 (c) corresponds to a change 
in slope in its equivalent sphere diameter. A steady number of grain neighbours is also 
synonymous with a steady equivalent sphere diameter. In contrast, pore C decreases at a faster 
rate than pore D and closes up completely. While its number of neighbours is fairly steady at 6 
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until 8% strain, the volume formed by the grain centroids decreases dramatically as seen in 
Fig. 5.24 (b). This is followed by a quick decrease in the number of direct neighbours to pore C, 
indicating it is being squeezed by its neighbours. Thus, in both cases, the grains neighbouring 
the pores are moving closer together during deformation and effectively increasing the local 
pressure around the pore, causing an exaggerated pressure differential which drives pore 
closure. 
The immediate grain neighbourhood of internal round pores thus determines their fate. At 
64% solid, a solid fraction not characterised by a large volumetric strain at the scale of the 
specimen, grains rearrange with local areas of compaction, where grains move closer to each 
other. This drives round pore closure as grains move into the space the pore used to occupy. 
This preferentially occurs to round pores because of their minimal curvature. 
Tortuous pores, characterised by their very large curvature and minimal space they occupy, 
retain a nearconstant volume during deformation. This has been quantified for 64% solid but 
also qualitatively examined in the specimen at 73% solid. The 73% solid specimen also does not 
qualitatively show evidence of new porosity during deformation. 




Fig. 5.24. Interaction between two round pores and the surrounding grains: a) equivalent sphere diameter of pores C 
and D with increasing strain, b) local volumetric strain of the grain assembly in direct contact with the pores, c) 
number of grains in direct contact with the pore. 
Highest solid fraction 
Changes in the internal pores were quantified in the specimen at 93% solid in order to 
compare and contrast pore behaviour at low and high solid fractions. In order to temporally 
resolve pore evolution at this solid fraction, the usage of the volume deformed at 1 Tm s1 is 
necessary. Only true strains of 02.5% were examined, i.e. the first moments after the start of 
deformation. The undeformed semisolid specimen rendered in Fig. 5.25 (d, 1st row) contains a 
small fraction of tortuous pores but does not contain any round pores, which is consistent with 
the specimens at 73%, 87% and 93% solid deformed at 5 Tm s1(as was shown in Fig. 5.5). In the 
subsequent analysis, the preexisting pores were filtered out to remove pores containing less 
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than 30 pixels in volume. Both the total internal pore volume and the total surfaceconnected 
pore volume are shown in Fig. 5.25 (a) with increasing strain. Both increase with increasing 
strain although they differ by an order of magnitude, with surfaceconnected porosity 
predominantly forming. This both quantifies Fig. 5.10 and shows the dominance of surface
connected porosity, in agreement with Fig. 5.8 (b). Comparing Fig. 5.25 (a) with Fig. 5.24 also 
shows a fundamental difference in internal pore behaviour during compression at 93% vs. 64% 
solid: at high solid fraction, internal pores grow during compression, whereas at 64% solid 
internal pores shrink during compression.   
The slower displacement rate permits a detailed study of internal porosity during 
compression. Fig. 5.25 (a) confirms that the total internal pore volume increases with 
increasing strain. The number of internal pores in each tomogram was counted and Fig. 5.25 
(b) shows that the number increases until a true strain of 1.99% before starting to drop. Since 
the voxel size is 12.22 Tm, it is not possible to comment on the earliest stages of new pore 
development (e.g. heterogeneous nucleation or the growth of a preexisting pore below the limit 
of spatial resolution), but it is clear that the number of resolvable internal pores increases 
during isothermal compression at high solid fractions. The number of pore nucleation events is 
shown in Fig. 5.25 (c). It dominates at the beginning of the deformation ()I~0.44%) and 
continues until )I~1.99% before dropping below 0, i.e. the total number of internal pores 
decreases beyond )I~1.99%. The drop in the internal number of pores in Fig. 5.25 (b) is simply 
due to the surfaceconnected menisci propagating into the sample and ‘assimilating’ the 
internal pores, thus connecting them to the surface. Therefore, at a very high solid fraction of 
93%, bulk compression is accompanied by both growth of surfaceconnected menisci and 
internal pore nucleation at the beginning of deformation. The new pores are visible in Fig. 5.25 
(d). 




Fig. 5.25. Evolution of internal porosity at 93% solid the beginning of bulk compression: a) total internal pore volume 
with increasing strain, b) number of internal pores with increasing strain, c) number of new internal pores with 
increasing strain. 
Pore nucleation is also accompanied by significant existing pore growth with increasing 
strain as evidenced by Fig. 5.26. For a true strain of )I~0.44%, 77% of all existing internal 
pores grow 10% or less, with the rest growing between 35% and 140%. As the strain increases, 
more pores grow more, i.e. the percentage of pores growing 10% or less in volume decreases to 
33%, while the percentage of pores growing between 20% and 4000% increases from 22% to 
66%. Thus both internal pore nucleation and internal pore growth occur at the beginning of 
deformation at 93% solid. 




Fig. 5.26. Distribution of the volume change of internal porosity at 93% solid for increasing strains. 
 
Finally, the detailed behaviour of a number of randomly selected preexisting pores was 
explored during uniaxial compression at 93% solid. Nine preexisting pores were identified and 
tracked, and the evolution of five of them shown in Fig. 5.27. Preexisting pores overwhelmingly 
open up under strain. The evolution of pores A, B, C, D and E is plotted in Fig. 5.27 (a) and 
rendered in Fig. 5.27 (b). Pore shape develops from very small and nonspherical to either a 
rounder morphology (pore A, pore C, pore D) or they grow into the tortuous liquid channels 
between grains and exhibit an elongated shape (pore B). Only one pore seems to remain at a 
nearconstant volume (pore E in Fig. 5.27 (a)), but its 3D rendering (Fig. 5.27 (b), last row) 
shows it actually grows under strain and develops from a more tortuous to a more elliptical 
shape. 




Fig. 5.27. a) Evolution of preexisting pore volumes with increasing strain; b) 3D rendering of the pores tracked in a). 
Thus, at high solid fractions, the propagation of surfaceconnected menisci into the specimen 
remains the predominant mechanism by which shearinduced dilation is accommodated during 
uniaxial compression. However, in contrast with lower solid fractions such as 64% or 73% solid, 
shearinduced dilation causes the growth of preexisting tortuous internal pores as well as the 
nucleation and growth of new internal pores.  
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5.4 Summary of results 
This chapter has shown that: 
At a solid fraction of 64%: 
 The stressstrain curve presents no peak stress. 
 There is a very small global volumetric expansion during compression, with the solid 
fraction remaining within the range that all other specimens reach. 
 Locally, dilation occurs towards the outside of the specimen. 
 There is a slight increase in the modal coordination number during rearrangement. 
 There is a slight increase in branch length distribution during rearrangement. 
 Menisci are drawn into the specimen at the top and bottom surfaces. 
 Preexisting roundpores closeup during compression as 3 −Al grains become more 
compacted and decrease the volume of interstitial spaces. 
  At solid fractions of 73, 87, and 93% solid: 
  The stressstrain curves show a peak stress followed by strain softening and a steady state 
axial stress of 115 ¸ 17 kPa. 
 Significant volumetric strain brings all samples to a solid fraction of 62.4 ¸ 1.9%. 
 There is significant global volumetric expansion during compression, with the amount of 
volumetric strain increasing with solid fraction. 
 At 73% solid, there is a slight decrease in the modal coordination number during 
rearrangement. 
 At 73% solid, there is a significant increase in branch length distribution during 
rearrangement. 
 Menisci are drawn into the specimen at the top and bottom surfaces first and are develop 
into large surfaceconnected porosity drawnin from the unconfined surfaces at the sides. The 
extent of meniscus drawingin increases with increasing solid fraction. 
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 Grains rearrange by pushing and levering themselves apart and increasing the volume of 
interstitial spaces between them at both 73 and 93% solid. The extent of local dilation is 
dependent on the location of the assembly in the specimen. The increased volume resulting 
from grain rearrangement is fed by the surrounding liquid when possible. 
 Qualitatively, at 73% solid, preexisting tortuous pores do not change in volume. 
 Quantitatively, at 93% solid, preexisting tortuous pores grow and new pores nucleate with 
increasing strain. 
 
 Because all four solid fractions tend towards the same solid fraction of 62.4 ¸ 1.9% and reach 
a final steady state stress of 115 ¸ 17 kPa, it suggests semisolid alloys exhibit an equivalent to 
the critical state found in soils, i.e. a solid fraction at which no dilation or compaction of the 
grains is necessary to accommodate increasing strain, and deformation occurs via lubricated 
independent grain rearrangement.  
 This conclusion results from the occurrence of 1) grains behaving as independent entities in 
the high solid fraction range (64%93%), 2) the absence of visible agglomerates because of each 
grain moves in a different direction, 3) the grains levering themselves apart (73% solid and 
upward) with bulk stressstrain curves possessing a peak, 4) simple grain rearrangement (64% 
solid) with both a very small amount of compaction or dilation and no peak in the stressstrain 
curve, all imply that globular semisolid alloys between 64% and 93% solid behave like soil. 
  




The previous section demonstrates that uniaxial compression at 64 to 93% solid is 
accommodated by grain rearrangement without grain shape change and that rearrangement of 
grains at solid fractions above 64% causes shearinduced dilation. The volumetric strain 
increases with increasing solid fraction, and is an emergent phenomenon from the translation 
and rotation of the packed individual globules, which push/lever themselves apart with 
increasing strain.  
To demonstrate the key phenomena, a simple 2D geometrical model was developed that is 
highly reductive but retains the key physics. This model shows that the observed behaviour is 
what would be expected of an unfed granular deformation in a system of rigid cohesionless 
globules.  
5.5.1 Meniscus formation using a simple geometrical model 
Consider the homogeneous uniaxial compression of ordered closepacked disks that are rigid 
and cohesionless, have interstices saturated with liquid, and are bounded by a gasliquid 
interface. The undeformed setup is illustrated in Fig. 5.28 using an assembly with 22 centroids 
and 20 circles. 
 
Fig. 5.28. Assembly of cohesionless ordered packed disks. 
It is assumed that liquid can flow between the interstices even along paths that are blocked 
by contacting solid.  This assumption is to avoid the problem in 2D that a percolating network 
can only exist for the solid or the liquid, i.e. hydrostatic stress can only be transmitted across 




wide range of solid fraction which allows contiguous liquid to flow through a percolating solid 
network. Another significant difference between 2D and 3D is that disks are closepacked at 
$ = q¨√ (~91% solid) while spheres are closepacked at $ = √q¨¦  (~74% solid). In addition, it is 
also assumed that the rams are frictionless and do not make perfect contact with the sample so 
that air can flow to the top and bottom of the sample. By tessellating the centroids using a 
Delaunay triangulation, trigonometric relationships between centroid distances may be derived 
and are shown in Fig. 5.29. The closepacked formation yields an equilateral triangle with 
minimum angle 9A = 30°, while at its most dilated three centroids form a right isosceles 
triangle with a maximum angle 9LFc = 45°. 
 
Fig. 5.29. Trigonometric relationships between the centroids in terms of the angle 9 and the circle radius :. 
Trigonometry enables us to write: 
 7 = 4: sin 9 (5.8)  
 ℎ = 2: cos 9 (5.9)  
 7 ∙ ℎ = 4:q sin 29 (5.10)  
The elements of the strain tensor )Hõ are: 
 )pp = ln } 77A~ = ln }
%þ¡ 9%þ¡ 9A~ (5.11)  
 )qq = ln } ℎℎA~ = ln }
cos 9cos 9A~ (5.12)  
The axial strain in this case can be defined by − )qq. 
The volumetric strain is therefore: 




)GQ= = )pp + )qq = ln } 77A~ + ln }
ℎℎA~
= ln } 7ℎ7AℎA~ = ln }
%þ¡ 29%þ¡ 29A~ 
(5.13)  
It is also possible to plot the solid fraction in each triangle of the assembly. Since the areal 
solid fraction $ is defined such that: 
 $ = << + <= + <_ =
<<IQIF= (5.14)  
where < is the area occupied by the solid, <= the area occupied by the liquid and <_ the area 
occupied by the gas. Within each triangle of the tessellation there are always parts of three 
disks, and the total area of solid in each triangle is always half a disk. < can therefore be 
expressed as: 
 < = 12 r:q (5.15)  
By definition, the area of each triangle is: 
 <ImHFP_=O = 12 × 7ℎ = 2:q sin 29 (5.16)  
The areal solid fraction $ may thus be expressed as a function of 9: 
 $ =
12 r:q2:q sin 29 = r4 sin 29 (5.17)  
This can be extended to the area of liquid <= in each triangle in the initial step shown in Fig. 
5.28: 
 <= = <ImHFP_=O − < = 2:q sin 29 − 12 r:q = 12 :q(4 sin 29 − r) (5.18)  
In order to generate the structure in Fig. 5.28, the following equations were used for centroid 
location: 
 For odd rows: the (x,y) coordinates corresponded to (a7, 2¡ℎ) with values −2  a  2 and 




 For even rows: the (x,y) coordinates corresponded to (Ua + pq[ 7, (2¡ + 1)ℎ) with values 
−2  a  1 and −1  ¡  1. 
Centroids were generated for 30°  9  45° at 5° intervals. The resulting structures are 
shown in Fig. 5.30. In addition to the centroids and the disks (Fig. 5.30 (a)), the centroid 
tessellation is shown in blue (Fig. 5.30 (b)). The amount of liquid (red) is constant throughout 
‘deformation’. 
 
Fig. 5.30. Graphical representation of the model: a) plot of the disks at four stages of deformation (liquid shown in 
red), b) plot of the centroid tessellation at four stages of deformation. 
The volumetric strain of each triangle and the solid fraction of each triangle are plotted in 
Fig. 5.31. The ^F − ^= data which represents the pressure in the channel between two grains 
will be addressed in the next section. 
The solid fraction in each triangle decreases significantly from ~91 to ~78% producing a 
significant dilational volumetric strain. This is qualitatively visible in Fig. 5.30. It should be 
noted that this sort of monodisperse ordered packing shears in a sinusoidal manner, as once the 
assembly reaches a maximum dilation the grains are pushed back close to each other. Since 
disordered polydisperse packings do not exhibit this phenomenon, the model is only meaningful 
for the dilation of a closepacked state to its loosest packed state and is therefore only plotted in 
Fig. 5.31 to the point of maximum volumetric strain (minimum solid fraction). 




Fig. 5.31. Modelled volumetric strain, solid fraction and channel pressure with increasing axial strain. 
As is the case in the experiments of this chapter, this model contains no liquid reservoir. The 
initial liquid can be seen between the interstices of the disks in Fig. 5.28. Since there are 20 
disks in the assembly and each triangle contains half a disk, there are therefore 2 × 20 = 40 
triangles in the model. Note that here, the triangles include all of the disks in the assembly as 
well as the liquid initially in contact with the top and bottom rams and are not limited to the 
centroid tessellation depicted in Fig. 5.30 (b).  Using equation (5.18), the initial area of liquid is 
thus: 
 <= IQIF= = 40 × <= = 20:q(4 sin 29 − r) (5.19)  
Equation (5.19) does not account for the absence of liquid at the edges of the assembly, which 
can be added via: 
 <= IQIF= = 20:q(4 sin 29 − r) − 4:q + r :q (5.20)  
Equation (5.20) ‘rounds’ the edges of the assembly to follow the corner disks and is an exact 
estimation of the liquid area. Because 9A = 30°, the initial liquid area is: 
 
<= IQIF= = 20:q(4 sin 60 − r) − 4:q + r :q 




Since liquid volume must remain constant during deformation, it is immediately evident in 
Fig. 5.30 that the shearinduced dilation of the assembly will cause the interstices to expand, 
liquid to be drawn into the centre of the sample and menisci to be drawn into the liquid at the 
free surface. Menisci will develop first in the ‘surfacecontacting’ liquid. 
To get an idea of how far the liquid must be drawn into the grain assembly, we can consider 
the axial strain at which all the initially surfacecontacting liquid is drawn into the expanding 
‘internal’ interstices. We define a ‘surfacecontacting’ triangle as a triangle sharing a vertex 
with the perimeter formed by the external centroids. An ‘internal’ triangle is therefore a 
triangle sharing no vertex with the perimeter of the assembly, although it may share a node 
lying on the perimeter. The assembly has 22 ‘internal’ triangles, such that: 
 22<= = <= IQIF= (5.22)  
Using equations (5.18) and (5.20) into equation (5.22) yields an angle 9HPIOmPF= = 32.92°, 
which is equivalent to )qq = 3.12%. The calculation is detailed in Appendix A. 
5.5.2 Meniscus propagation 
Menisci formation during semisolid deformation has recently been considered in studies 
relating to hot tearing (i.e. high solid fraction tensile deformation). In situ 3D observation of hot 
tearing formation [194] and subsequent work published on the same dataset show failure at a 
notch is due to menisci developing between two grains which are being pulled apart in tension 
[73]. The latter study established a criterion for defect propagation which can be described by a 
YoungLaplace equation for the penetrating meniscus, where the second principal curvature is 
0 if a cylindrical geometry is assumed: 
 ^F − ^= = obp =
o cos 9  (5.23)  
where ^Fis atmospheric pressure, ^=is the overpressure required to overcome the capillary 
forces at the liquidatmosphere interface, o is the surface tension a the airoxideliquid 
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interface and bp is the radius of the meniscus. bp can be rewritten as IEQ, where  is thickness 
of the liquid channel between two grains, and 9 is the dihedral angle. o is represented by: 
 o = i=Q + iQF + un (5.24)  
where i=Q is the interfacial energy between the liquid and the oxide layer, iQF the interfacial 
energy between the oxide layer and the atmosphere, n the thickness and u the tensile strength 
of the oxide layer. Equation (5.23) implies meniscus growth into the liquid occurs preferentially 
in larger liquid channels where the distance ℎ between the grains is bigger, i.e. when the two 
grains are further apart. If  increases during deformation, the probability of a meniscus 
propagating into the corresponding liquid channel increases. Once the oxide skin has been 
broken and meniscus growth into the liquid channel occurs, a new oxide layer forms with the 
creation of more liquidair surface: the oxide layer on this new surface is thinner with a smaller 
o value [197]. Eq. (5.24) can then be simplified as o = i_F, where i_F is the interfacial energy 
between the liquid and the atmosphere. It is thus easier to propagate the growing meniscus 
into neighbouring liquid channels than drawing it in from the surface. 
Using equation (5.23), the criterion for meniscus propagation can be plotted for the assembly 
in Fig. 5.30, with the o cos 9 term taken as 5 J m2 as used by Sistaninia et al. [198]. In this 
case,  is defined as the thickness of the channel forming as the disks move further apart: 
  = (7 − 2:)2 = :(2 sin 9 − 1) (5.25)  
The term : is taken as the mean grain diameter across all solid fractions in the tomography 
experiments (see Table 5.1) and is equal to 397.25 Tm. The pressure drop required for meniscus 
propagation as a function of axial strain is shown in Fig. 5.31. As the volumetric strain of a 
triangle tapers off, so does the required local liquid pressure. Meniscus growth is thus easier as 
channel width increases, i.e. as the disks push/lever themselves apart.  
This is consistent with the experimental results in Fig. 5.8. It is interesting to note the 




manner. The development of pore 3, shown in Fig. 5.9 (f), is reprinted below in Fig. 5.32. It is 
composed of three menisci which have started being drawnin early during compression. They 
first merge before propagating into the liquid paths between the grains, and thus possess a 
complex shape with multiple radii of curvature as a result of the disordered packing of the 
polydisperse nonspherical grains. Their propagation is a result of the shearinduced dilation 
which is caused by the grains pushing apart and widening the liquid channels, which causes 
the criterion for meniscus propagation ^F − ^= to decrease and eases existing meniscus 
propagation. 
 
Fig. 5.32. Development of 'pore 3', as identified in Fig. 5.9. 
At very high solid fractions (87% and 93% solid), the highly tortuous liquid channels confer a 
cracklike quality to the menisci propagation. This high level of cracking around the edges of 
the specimens at high solid fractions (>83% solid) has been observed previously [52], where it 
has been linked to insufficient liquid in specimens nucleating crevices along grain boundaries. 
By using in situ imaging, insufficient liquid feeding can be seen to predominantly cause 
surfaceconnected ‘cracking’ to accommodate local strain caused by the shearinduced dilation 
resulting from the rearrangement of individual grains via translation and rotation. 
5.5.3 Internal pore nucleation and growth vs. pore closure 
The 2D model above assumes that all volumetric strain is accommodated by the drawingin 
of menisci. In the experiments, internal pore nucleation and growth additionally occurred at 
the highest solid fraction and internal pore closure occurred at 64% solid 
This can be understood by considering that liquid flow is especially restricted at very high 
solid fractions [15] due to the low permeability, even before grain boundary coalescence [47]. 
Therefore, as the 93% solid specimen is compressed and in the absence of any liquid reservoir, 
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liquid flow between the dilating grains is insufficient to compensate for the dilation. This 
causes the local liquid pressure to drop and small internal preexisting pores to grow as well as 
new internal pores to nucleate and grow. This is shown for an ordered array of disks in Fig. 
5.33. 
 
Fig. 5.33. Schematic of pore formation during shearinduced dilation due to insufficient liquid flow to the expanding 
interstices. Grains are white, liquid is dark grey, and the pore is yellow. 
The dominance of the free surface being drawnin in contrast to internal pore growth may be 
partly because atmospheric pressure is fixed whereas nucleating and opening a pore first 
requires a decrease in the local liquid pressure for nucleation and then a continuous decrease of 
the pore gas pressure to drive pore growth, i.e. the local pressure must continuously decrease. 
This is the most likely reason that internal pore growth does not occur at lower solid fractions 
(64% and 73%), where less volumetric strain is required for grain rearrangement (Fig. 5.13). 
Liquid flow is less restricted by the microstructure and the liquid pressure does not decrease 
sufficiently for pore nucleation or existing pore growth in the internal liquid. 
At 64% solid, round internal pores close during semisolid compression, as seen in Fig. 5.23 
and Fig. 5.24. As noted in Fig. 5.19 and Fig. 5.20, the specimen at 64% solid is more loosely 
packed, with initial locally closer packed regions persisting during deformation while grains 
pushing apart are preferentially located at the edge of the specimen. These locally closer 
packed regions contract further during deformation, with the grains becoming more crowded as 
they rearrange (Fig. 5.24) and causing a local increase in liquid pressure, driving pore closure. 
Pore closure due to shearinduced contraction is shown for an ordered array of disks in Fig. 




solid and other solid fractions because they only preexisted in the 64% solid specimen. Liquid 
pressure behaviour at 73% solid may thus only be extrapolated using Fig. 5.21 insofar as to say 
that the overall dilation at 73% is much more significant compared to 64%, so locally 
contracting areas are unlikely to persist or be created. The growth of all pores at 94% solid (Fig. 
5.27) suggests that, had round pores preexisted here, they would also have grown rather than 
closed. 
 
Fig. 5.34. Pore closure during shearinduced contraction. Grains are white, liquid is dark grey, and the pore is 
yellow. 
5.5.4 Agglomeration/deagglomeration 
For solid fractions between 64% and 93%, in contrast to the agglomerates identified in 
Chapter 4 (and specifically Fig. 4.19), there are no apparent grain clusters of more than 2 
grains moving as one body in situ. While the method for obtaining the microstructure in this 
work is different from widespread industrial globularisation routes such as stirring during 
solidification or warm or cold working before recrystallization [91], heating and holding in the 
semisolid state to obtain a globular structure is sometimes used [51]. While semisolid 
coarsening lacks the high rate of collisions said to cause agglomerates to form, the extremely 
long holding time in the semisolid state used here should have caused welded structures as 
inferred by [51]. Upon loading, however, the grains rotate and translate individually starting 
from the first tomogram, which is visible in Fig. 5.17 and Fig. 5.22. This implies either (1) no 
previous agglomeration and a cohesionless assembly of primary 3 −Al crystals or (2) an initial 
assembly with welds that break at very low global strain, well before the peak stress. In the 
current work, crystals are separated by the liquid or liquid films [130]. This is in line with 
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previous studies showing no solidsolid boundaries before 94% solid [47] and supports (1), i.e. 
specimens which are partially saturated cohesionless crystal assemblies, in the language of 
reference [73]. In this case, instead of welds breaking and causing the peak stress, the 
increasing stress to a peak here is caused by the work done in pushing the grains apart during 
shearinduced dilation and in the lateral growth of the menisci into the specimen. In this work, 
the magnitude of the dilation is exaggerated by the limited number of grains in the specimen 
(~1500 to 2000) which caused deformation to be relatively homogeneous and prevented shear
induced dilation from localising. 
Sponge compression 
More recent models of high solid fraction deformation do not assume cohesion of the solid 
assembly at the solid fractions investigated, and are an apt description of many of the 
behaviours exhibited here [122]. In the modelling approach by Sistaninia et al., before 94% 
solid, the deformation is accommodated by the liquid and there is very minor deformation of the 
solid grains. This emphasises the role of the liquid films between two grains, which they 
modelled using (1) a linkspring element simulating the hydrostatic pressure in the liquid and 
controlling the tensile pressure required to separate two grains, and (2) a dashpot element 
simulating the viscosity effects in the intergranular liquid and thus controlling the shear forces 
between two grains [73, 122]. Their overarching model, however, is still ruled by constitutive 
equations describing a specific loading mode in the mush and is assumed to be equivalent to 
the compression of a sponge, i.e. characterised by the expulsion of the existing liquid to the 
sides and the densification and subsequent coalescence of the solid phase in the middle of the 
specimen. This has been experimentally observed in globular semisolid structures, but only at 
axial strains of >80% and preceded by homogeneous deformation [32]. Solidliquid segregation 
has also been reported in solid fractions <70%, which was correlated with lower strain rates 
allowing more liquid flow [52, 199] and very high axial strains >100%. The work presented here 
is in direct contrast to the model detailed above and is in relative agreement with the 




macrosegregation occurs before large axial strains. In addition, the opposite of densification 
takes place, with the entire specimen dilating via the grains pushing themselves apart to an 
increasing degree at larger solid fractions. Densification, as well as solidliquid segregation, 
may take place eventually at very high compressive strains but have not been investigated 
here. 
Soil mechanics 
Our current metallurgy understanding of semisolid alloys does not encompass all of its 
observed phenomena. This has been proved previously [8, 10, 11] but either indirectly via the 
measurement of volume during the experiments or in radiography of very thin samples. 
Indirectly measuring the volume does not provide observable evidence of the mechanisms by 
which semisolid alloys accommodate strain, while the nature of 2D studies isolates solid grains 
unlikely to be agglomerated and does not measure bulk behaviour. The current in situ 3D 
crystal scale study shows semisolid alloys acting as a cohesionless granular material 
exhibiting Reynolds’ dilatancy and what seems to be a critical solid fraction of 62.4 ¸ 1.9% solid 
at 1 atm, as defined by critical state soil mechanics. Critical state soils mechanics dictates that 
there exists a critical state locus, i.e. at a particular pressure there exists a critical solid 
fraction at which a granular assembly may deform without dilating or contracting.   
There exist significant differences between standard testing of soils and the work presented 
here. Soil testing and previous semisolid experiments have used specimens composed of 
millions of grains. These assemblies localise strain instabilities quickly and effectively, usually 
in the form of dilatant shear bands 618 grains thick [133, 145, 154]. In specimens containing 
only enough grains to be a representative elementary volume (10003000 grains), instabilities 
cannot localise and there is no emergence of largescale structures concentrating strain. 
Instead, granular effects are emphasized and can present themselves through very large 
amounts of dilation or contraction of the granular specimen. This explains the very large 
volumetric strains seen here, since the specimens contain between 1500 and 2000 grains. In 
addition, completely cohesionless soils cannot be packed at fractions of 80 or 90%, such as the 
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specimens seen here. At these solid fractions, the soils tested are effectively rocks like 
sandstone, i.e. sintered through heat and/or pressure but still somewhat porous. Their stress
strain response, however, is not granular anymore. Instead, compressed sandstone will first 
compact as the porous structure collapses before dilating as a result of crack opening via grains 
cleaving [200]. Hence in the case presented here, all solid fractions should be seen through the 
lens of a representative elementary volume of a cohesionless granular material.  This agrees 
with the representation of grains as described in the model of Sistaninia et al. [73, 122, 198, 
201], which does not account for welding until after 95%.  
The current work provides undeniable evidence of the crystal scale mechanisms responsible 
for dilation in a compacted granular assembly, and hints at the existence of a critical state in 
semisolid alloys analogous to that in soils. However, all experiments were conducted at 
atmospheric confining pressure and a central part of critical state soil mechanics theory is the 
influence of confining pressure. Therefore, further work is required to prove the existence of a 
critical state locus, which requires investigations at various confining pressures. Furthermore, 
this work has been conducted on unfed specimens whereas, in castings, liquid flow from one 
elementary volume to another is an important part of the feeding response. Therefore, further 
experiments are also required that contain a liquid reservoir so that the response of fullyfed 
and unfed conditions can be compared.  
5.6 Conclusions 
Granular behaviour of Al(815) Cu (wt.%) alloys has been demonstrated in semisolid 
uniaxial compression, where large globular structures have been shown to exhibit Reynold’s 
dilatancy in the intermediate solid fraction range of 64% <  < 93%.  
For all solid fractions during uniaxial compression, the grains push/lever themselves apart 
and the liquid channels between the grains widen; the isothermal nature of the experiment 




connected menisci into the sample. With increasing solid fraction, the drawingin of menisci 
causes large air pockets to develop along the liquid channels.  
This dilatancy behaviour is characteristic of dense cohesionless granular materials, and is in 
situ 3D evidence of the granular nature of semisolid alloys. The presence of menisci is 
validated by a reductive 2D granular geometrical model which was developed to demonstrate 
the key phenomena in unfed uniaxial compression.  
At very high solid fractions, internal pore nucleation and internal pore growth occurs in 
conjunction with the drawingin of surface menisci to accommodate the shearinduced dilation 
caused by the strain, with menisci propagation appearing cracklike as a result of the tortuous 
liquid channels.  
The shearinduced dilation resulting from the levering of individual grains via translation 
and rotation causes a local pressure decrease in the liquid and impetus for the preferential 
drawingin of surface menisci compared to internal pore nucleation and growth when liquid 
flow is restricted by the microstructure at very high solid fractions. In local regions undergoing 
shearinduced contraction, the movingtogether of grains causes a local liquid pressure increase 
and round pore closure.  
This sort of behaviour is not accounted for in any traditional interpretation of semisolid 
alloy behaviour and is not incorporated into any existing models. As a result, continuum models 
which do not account for volumetric strain will not capture the full array of semisolid 
behaviour during deformation. One way to move forward with optimised continuum modelling 
of semisolid alloys would be to take inspiration from the wide varieties of continuum models 
developed for drained and undrained soils, which take into account the inherently granular 






6 Globule-globule interactions 
during semi-solid extrusion1 
6.1 Introduction 
Previous work on semisolid compression detailed in Chapter 5 has highlighted the need for 
mush rheology to be better understood and quantified. This is an especially important step in 
developing accurate models of defect formation in casting and SSP. The current chapter 
therefore aims to utilize Xray synchrotron tomography in order to observe in situ the initiation 
of macrosegregation during thixoextrusion, a semisolid processing route that is under 
development to produce more complex shapes at lower power consumption than conventional 
extrusion. In principle, this can be achieved due to the high formability and low flow stress of 
semisolid alloys compared with solid metal plasticity [6, 202]. However, many challenges 
remain to the widespread use of thixoextrusion, including the phenomenon of solidliquid 
segregation, the understanding of fundamental rheology at the microstructural level, and 
process optimisation in terms of temperature control, die design, etc. [202205] 
The aim of this work is to first examine the macroscopic response of a backwards extruded 
semisolid specimen at approximately 70% solid and examine specimenscale defect formation. 
                                               1 Parts of this chapter have previously been published in: Kareh, K.M., P.D. Lee, and C.M. Gourlay, In situ, time-resolved 
tomography for validating models of deformation in semi-solid alloys, in MCWASP XIII: International Conference on 
Modeling of Casting, Welding and Advanced Solidification Processes, A. Ludwig, Editor 2012 and Kareh, K.M., P.D. Lee, 
and C.M. Gourlay, Globule-globule interactions during deformation in semi-solid Al-Cu using time-resolved X-ray 
tomography, in Semi-Solid Processing of Alloys and Composites XII, edited by H. Moller and G. Govender, 2013. p. 179184. 
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Second, it is to compare the crystalscale deformation mechanisms taking place with those 
detailed in Chapter 5. Owing to the more complex loading mode, it is of interest to bridge the 
gap between the bulk semisolid response to load and the behaviour at the globule scale. 
Finally, the in situ results will be compared and contrasted to postmortem examination of the 
same specimen and previous twodimensional and ‘cold’ studies also based on observations 
after solidification. 
6.2 Undeformed semi-solid microstructure and methods 
Materials—as described in Chapters 3 and 4, a globular microstructure was produced by 
heattreating an ascast Al15 wt.% Cu alloy 5°C above its eutectic temperature for 200 hours. 
As seen in Fig. 6.1, this allowed the coarsening of the original microstructure to largescale 
globules with a mean grain size of 470 ± 10 Tm, expressed as an equivalent sphere diameter. 
Two specimens will be examined in this chapter: a ‘macro’ one produced in an identical manner 
to the compression specimens, and a ‘region of interest’ specimen. The latter was produced as 
part of the initial globularisation trials in which longterm semisolid heattreatment caused 
large interconnected and surfaceconnected porosity. Fig. 6.1 (a) shows an optical micrograph of 
the undeformed microstructure which is comprised of globular primary 3 −Al  grains in a fine 
Al+Al2Cu eutectic. The grains contain features characteristic of extended coarsening [45].  For 
example, Fig. 6.1  (a) (i) shows two grains which are separated by a thin film of eutectic (which 
becomes liquid during heattreatment and semisolid deformation), while Fig. 6.1  (a) (ii) shows 
two agglomerated grains in the process of coalescing with a solid neck between them. The 3 −Al 
globules can be seen in threedimensions in Fig. 6.1  (b), in which arrow (i) highlights an 
example of an agglomerate of three globules. The final semisolid microstructure prior to 
deformation contained approximately 70% 3 −Al in volume. 




Fig. 6.1. a) Optical micrograph showing the typical globular microstructure: (i) shows two globules separated by a 
liquid film, while (ii) highlights two globules with a solid neck. b) A rendering of the αAl in 3D using a laboratory x
ray source, with (i) highlighting a 3particle agglomerate. 
Methods—the experimental setup is given in Fig. 6.2. It differs slightly from the 
compression experiments of Chapter 5 in terms of larger specimen size (∅8×8 mm) and the 
inclusion of a boron nitride cylinder (∅8×2 mm) with a 1 mm hollow bore at its centre acting as 
a die and placed between the top ram and the specimen.  
The specimen was heated approximately 10°C above the eutectic temperature, at around 
558°C. which corresponds to a solid volume fraction of 73%. It was then held for five minutes 
before isothermal extrusion at a ram speed of 10 Tm s1 for a total displacement of 1.2 mm. The 
furnace was then switched off and the specimen allowed to air cool. Image acquisition details 
can be found in Section 3.3.3. 
 
Fig. 6.2. a) Photography and b) exploded schematic of the experimental setup for semisolid extrusion: 1) pyrophyllite 
rams, 2) extrusion die, 3) semisolid specimen, 4) boron nitride cup, and 5) thermocouple. 
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The ‘macro’ specimen was captured in an identical manner to the compression data in 
Chapter 5. In the ‘region of interest’ experiment, the field of view was narrowed to a region of 
interest limited to the top of the specimen, i.e. the region immediately underneath the die. Fig. 
6.3 (a) shows an unprocessed reconstructed tomographic slice approximately halfway through 
the specimen during backward extrusion. This experiment formed part of an initial trial run at 
the Diamond Light Source, and image quality in Fig. 6.3 (a) and (b) can be contrasted to 
subsequent extrusion image acquisitions depicted in Fig. 6.4. The watershed segmentation 
algorithm, however, can still be applied successfully (as seen in Fig. 6.3 (c) and (d)). Individual 
grain shapes were then corrected manually. 
 
Fig. 6.3. Image processing route as shown on an (xz) slice of tomogram 13, whereby a) is the original reconstructed 
image; b) is the image processed using a nonlinear diffusion filter; c) represents the thresholded grains; d) shows the 
individual grains after the application of a watershed algorithm; and e) represents a rendering of the entire 
thresholded and watershed volume. The bulk displacement rate in this experiment is 10 Tm s1. 
As it is difficult to accurately assess strain (true or engineering) in this particular 
experiment, all variables examined will be plotted against  where  is both the die 
displacement and the moving ram displacement.  
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6.3 Results and discussion 
6.3.1 Macroscopic phenomena 
Fig. 6.4 (a) shows the ‘macro’ sample in the late stages of ‘upsetting’.  It can be seen that 
menisci have developed at the bottom and side surfaces, similar to the uniaxial compression 
experiments in Chapter 5, and illustrated in Fig. 5.7 and Fig. 5.9.  From these menisci it can be 
inferred that, during the upsetting stage, the specimen undergoes shearinduced dilation 
similar to during uniaxial compression. 
 
Fig. 6.4. Upsetting and extrusion at ~75% solid. All scale bars 1 mm. The bulk displacement rate in this experiment 
is 5 Tm s1. 
As the sample comes into contact with the container walls, the loading mode changes to 
include reaction forces from the container, increasing the hydrostatic component of stress. At 
this stage, Fig. 6.4 (b) shows that all menisci begin to disappear as liquid is squeezed into the 
final spaces between the specimen and the container walls.  A small degree of extrusion also 
occurs during upsetting as can be seen by comparing Fig. 6.4 (a) and (b). 
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Once upsetting is complete, fullextrusion begins. Fig. 6.4 (c) and (d) show moments shortly 
after extrusion begins. Note that all menisci have now disappeared and microstructural flow in 
the extruded top is not timeresolved in the frame shown. 
To examine the microstructural response in more detail, Fig. 6.5 examines the ‘region of 
interest’ specimen. It shows three moments during semisolid extrusion, spanning a total ram 
displacement of ~0.5 mm.   Fig. 6.5 (a) represents (xz) slices at a constant yvalue, where the 
alloy can be seen to flow upwards into the bore. Fig. 6.5 (b) shows the corresponding watershed 
and rendered 3D volumes of the solid.  Note that the liquid, pores and boron nitride have been 
removed from Fig. 6.5 (b). The liquid only is rendered in Fig. 6.5 (c). Since the microstructural 
response to indirect extrusion can be visualised in three dimensions, the mechanisms of the 
twophase flow can be studied. 
 
Fig. 6.5. The microstructure at three instances during semisolid extrusion a) (xz) slices; b) 3D rendering of the solid; 
c) 3D rendering of the liquid. 
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By examining the fractions of solid, liquid, and gas phases present in the extruded top and 
under the die in Fig. 6.5 (a), significant macrosegregation can be seen to occur during 
backwards extrusion, with an increase in liquid fraction in the extruded top. Note that the 
liquid is Cuenriched and appears brighter in the reconstructed slices. Fig. 6.5 (a) shows the 
increasing liquid fraction as semisolid material is pushed upwards through the bore of the die, 
and the solidliquid separation phenomenon is examined in more detail and quantified in Fig. 
6.6.  
 
Fig. 6.6. Solidliquid separation at the beginning of extrusion: a) shows the volume fraction of solid, liquid, and pores 
in the extruded top. 250 Tm of extruded material was chosen as a cutoff, below which an 'extruded top' does not 
exist; b) shows the volume fraction of solid, liquid, and porosity directly below the die and in the field of view. 
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In the extruded top there is a significant decrease of volume fraction of solid from 75% to 
62% accompanied by an increase in liquid, whose volume fraction increases from 18% to 35% 
(Fig. 6.6 (a)). The fraction of porosity also decreases somewhat in the extruded top as porosity is 
pushed to the surface. In contrast, in the region beneath the die, the solid fraction increases 
from 73 to 78%, indicating compaction and the porosity decreases as the pores are pushed 
outwards and downwards, towards the bottom of the specimen. While the porosity, which is 
surfaceconnected, decreases as it is squeezed out at the edges of the specimen and outside the 
field of view, the volume fraction of liquid under the die is fairly constant (Fig. 6.6 (b)). Coupled 
with the increase in liquid in the extruded top, this indicates that the region under the die is 
continuously fed liquid from elsewhere in the specimen. Fig. 6.6 also demonstrates that solid
liquid segregation occurs from the beginning of extrusion. This is in line with previous bulk 
extrusion and backward extrusion experiments in multiple alloy systems [105, 108, 206], where 
low extrusion speeds lead to solidliquid segregation at the beginning of extrusion, with the 
extruded volume containing a higher liquid fraction due to liquid being squeezed outwards 
under the ram pressure. 
By running digital volume correlation on tomograms chosen such that the distance extruded 
between two time steps is a constant displacement increment of approximately 0.25 mm, it can 
be seen that the largest cumulative displacement vectors (Fig. 6.7 (a)) are located in the 
extruded region as well as directly underneath the bore of the die, where both the liquid and 
the solid are moving upwards through it. The direction of the vectors under the sides of the die 
shows flow outwards and towards the sides of the boron nitride cup.  Since the specimen was 8 
mm in diameter and the cup had an inner diameter of 12 mm, this indicates that the specimen 
has undergone ‘upsetting’, i.e. the diameter of the specimen increases via compression until it 
has reached the sides of the cup and becomes constrained, and extrusion simultaneously. Fig. 
6.7 (b) shows displacement vectors projected onto an (xz) slice through the specimen: it can be 
seen that the sides of the specimen, which are not underneath the bore of the die, undergo a 
displacement outwards of less than 300 Tm, while the region in and underneath the bore of the 
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die undergo a displacement upwards of 800 Tm to more than 1 mm. At the edges of the die, 
therefore, there are vectors of different direction and magnitude. It can thus be inferred that 
underneath the edges of the die there are regions of strain localisation. Finally, the ‘eddy’ 
current seen on the right hand side in Fig. 6.7 (b) is due to the rotation of one grain in this slice. 
For this specimen, the largescaled microstructure makes the images inherently discrete and 
affects the nearcontinuum assumption of DVC.    
 
Fig. 6.7. Digital volume correlation for a constant displacement of 0.25 mm per volume, showing the magnitude of 
the displacement in a) 3D, where the length of the vectors is proportional to the total displacement; and b) the 
magnitude of the total displacement projected on a single (xz) slice, with the bore of the die shown for clarification. 
An alternative way to study the displacement and strain fields is to track and plot discrete 
centroid translations and globule rotations, as was performed in Chapter 5. This also enables 
individual grain behaviour to be correlated to macrosegregation and other larger scale defect 
structures.  
6.3.2 Crystal-crystal interactions 
Globules at the surface of the extruded top rotate relative to their neighbours during 
extrusion (as seen qualitatively in Fig. 6.5 (a) and (b)), and the rotation of one random extruded 
globule is quantified in Fig. 6.8 using a spherical coordinate system. In this case, the 
Globuleglobule interactions during semisolid extrusion 
 
214 
translation of one globule is plotted with respect to ram displacement and can be seen to be a 
magnitude smaller than it. This agrees well with globule translation during uniaxial 
compression. Rotation of this particular globule (Δ9 ≈ 30°) is larger than the average globule 
rotation (0 < 9 < 8°) during uniaxial compression for a 2% incremental strain. Material flow 
through the extrusion die is therefore by a combination of translation and rotation of the 
globules, coupled with the flow of interstitial liquid. 
 
Fig. 6.8. Rotation (θ, ϕ) and translation (r) of an individual grain in the extruded top. 
Separating and tracking the individual grains shows that deformation occurs via grain 
rearrangement. Fig. 6.9 shows two grains as an example. Grains A and B in Fig. 6.9 are located 
under the die and in the path of the bore, and undergo significant absolute and relative 
movement during deformation. It is the movement of A relative to B which is plotted in Fig. 6.9  
(b). The two grains are not initially touching but are brought together during extrusion, as 
shown in Fig. 6.9 (a), where the dark blue areas indicate contact surfaces. They roll off one 
another, as demonstrated by the change in angles between them (0 < Δ9, ϕ < 50°) in Fig. 6.9 (b), 
and are about to lose contact at the end of the experiment. This implies a continuous liquid film 
separates those two grains (rather than a solidsolid interface) for the duration of the 
experiment, which agrees well with the findings on grain behaviour in uniaxial compression. 
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The existence of complex contact behaviour is highlighted in the 3rd 3D rendering in Fig. 6.9 (a) 
at  = 0.95 mm: in this case, two grains can have more than one contact area owing to their 
complex shape. As seen in Chapter 5, grains gradually become more spherical upon remelting 
to increasing temperature, i.e. decreasing solid fraction. Grains at high solid fractions therefore 
may exhibit complex contact behaviours which decrease with decreasing solid fraction due to 
morphology simplification. Finally, this particular rolling behaviour exhibited by the two grains 
A and B in the path of the extrusion bore was not observed in uniaxial compression. Under the 
latter loading mode, the main mechanism of globule movement was translation. In the case of 
reverse extrusion, and specifically the initial stages, grains experience significant rotation most 
likely due to the increased movement of the liquid as it is squeezed into the extruded top. This 
rolling behaviour does not seem to lead to grains welding together and forming solid/solid 
boundaries, despite the wide array of contact angles the grains experience. 
Grains during semisolid deformation therefore act as individual particles with a 
combination of rotation and translation as a response to strain. The prevalence of either 
rotation or translation can be ascribed to the complexity of the stress field, with more rapid and 
more complicated deformation resulting in an increase in the rotation of the grains in the 
locally stressed region. 




Fig. 6.9. Two globules acting as discrete particles during extrusion: a) shows them coming together and rolling off 
one another, with their contact area highlighted in blue; b) shows the magnitude and angles of the vector between 
the two globules. 
6.3.3 After deformation and solidification 
It is of interest to see if signs of grains behaving as individual particles can be found post
solidification. To that end, the aircooled extruded specimen was subjected to a laboratory 
microtomography scan with a resolution of 14.299 Tm. A slice halfway through the specimen is 
shown in Fig. 6.10 (a), with a selection of watershed grains rendered in 3D in Fig. 6.10 (b). 
Grains can be immediately seen to qualitatively look less spherical that in the undeformed 
coarsened specimens examined in Fig. 4.10 and Fig. 4.18. 




Fig. 6.10. a) ((xz)) slice of the extrusion specimen after deformation and solidification in air; b) 3D rendering of the 
grains under the extruded top. 
The sphericity of the globules in both the solidified and the semisolid specimen was 
quantified using the sphericity factor 4 [189]: 
 4 = (36 × r × fq)
p
4  (6.1)  
where f is the volume of a grain and 4 its surface area. Table 6.1 shows that the average 
sphericity determined in situ during extrusion is approximately 0.65 ± 0.01. This is in stark 
contrast with the lower sphericity of 0.54 calculated after solidification, indicating that post
deformation solidification modifies the final morphology of the grains. This implies that ‘cold’ 
measurements may differ significantly from the semisolid state. 
Table 6.1. Comparison between in situ sphericity during extrusion and sphericity after solidification. 
Average sphericity in situ 0.65 
Sphericity after solidification 0.54 
 
 
In a similar way to Chapter 4, ‘agglomerates’ were identified in the fully solid thixoextruded 
specimen after deformation, both in the extruded top and in the nonextruded section of the 
specimen, and are shown in Fig. 6.11 (b) and (c).  Grains were defined as ‘agglomerated’ if they 
were separated by less than 2 pixels of liquid at their contact.  
In the extruded top, agglomerates none of the identified welded structures consist of more 
than two particles and, therefore, the extruded top can be considered to contain no 
agglomerates. Of the thirtythree solid grains in the extruded top, three pairs of welded solid 
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globules were identified, and are shown with their parameters in Fig. 6.12. The particles in the 
pairs are separated by approximately 0.96̅ and have a sphericity of 0.8.  
 
Fig. 6.11. Agglomerates in the extruded specimen. a) (xy) slice of the extruded specimen; b) agglomerates 






 Pair 1 Pair 2 Pair 3 
Equivalent 
æ [Tm] 440.257 457.77 526.52 
Centroid distance [Tm] 439.39 (i.e. 1 6̅) 338.62 (i.e. 0.74 6̅) 481.97 (i.e. 0.91 6̅) 
average sphericity 0.88 0.77 0.77 
Fig. 6.12. Parameters of welded pairs of particles identified in the extruded top. 
In contrast, agglomerates exist in the nonextruded part of the specimen containing four or 
more welded particles. Five agglomerates were identified as shown in Fig. 6.13, with one 
(agglomerate 1) occurring at the side of the die and not directly underneath the bore of the 
extrusion mould. The other four are at different heights in the nonextruded specimen but 
situated in the path of the bore of the extrusion mould. Their spatial organisation can be seen 
in Fig. 6.13. All five agglomerates are composed of four particles or more, with the highest 
number of particles being seven, as seen in Fig. 6.14. These numbers are in line with the ones 
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in Chapter 4 for the heattreated and undeformed specimen heattreated in the semisolid state 
for seven days (see Fig. 4.19).  
The agglomerate with the highest average sphericity, agglomerate (1), is the one situated 
underneath the side of the extrusion die and not in the path of the bore of the die (see Fig. 
6.13). Its ratio of the average first two nearest neighbours over the average diameter is also in 
line with the agglomerate values of the heattreated but undeformed specimens and indicates 
these grains are unlikely to have been subjected to high forces during thixoextrusion.  
 
Fig. 6.13. Position in space of bottom agglomerates (numbered (1) to (5)) in the nonextruded part of the specimen. 
The position of the bore of the die is shown in the dotted outline. 
Agglomerates (3) and (5), which have slightly lower average sphericity, are situated inside 
the path of the bore of the extrusion die. While agglomerate (3) was not extruded, it is close to 
the surface and similar to agglomerate (1) and agglomerates in the undeformed specimen. 
Agglomerate (5), however, is comprised of grains that are further apart from each other 
compared to other agglomerates. Since it is closer to the bottom of the specimen, this may 
indicate that forces during extrusion cause the grains to move further apart from each other.  
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Agglomerates (2) and (4), which are directly in the path of the bore edge, also have lower 
sphericity. Agglomerate (4), with a neighbour distance over diameter ratio similar to the heat
treated but undeformed specimen, is much closer to the extruded surface than agglomerate (2), 
where each particle’s first neighbour is closer than in the heattreated but undeformed 
specimen while its second neighbours are 25% further. This points towards agglomerate (2) 





Agglomerates (1) (2) (3) 
particles 7 4 5 
Equivalent 
æ [Tm] 467.5 630.13 632.16 
mean nearest neighbour [Tm] 417.2 (i.e. 0.89 6̅) 520.4 (i.e. 0.83 6̅) 535.37 (i.e. 0.85 6̅) 
mean 2nd nearest neighbour [Tm] 512 (i.e. 1.1 6̅) 619.41 (i.e. 0.98 6̅) 656.24 (i.e. 1.04 6̅) 





Agglomerates (4) (5)  
particles 6 6  
Equivalent 
æ [Tm] 527 460.44  
mean nearest neighbour [Tm] 403.9 (i.e. 0.77 6̅) 478.75 (i.e. 1.04 6̅)  
mean 2nd nearest neighbour [Tm] 653.1 (i.e. 1.24 6̅) 631.48 (i.e. 1.37 6̅)  
average sphericity 0.63 0.76  
Fig. 6.14. Parameters of agglomerates in nonextruded bottom of specimen. 
The definition of ‘agglomerate’ here is specious, since it has been established in Chapter 5 
that grains move as individual particles during semisolid deformation. Nonetheless, these 
agglomerates serve to illustrate multiple points about semisolid deformation. 
• Grains may appear welded with a neck when solidified, but solidified microstructure does not 
necessarily reflect semisolid organisation 





• The examination of welded solidified grains can highlight semisolid behaviour. In this 
experiment, grains towards the bottom of the mould appear to move further apart under 
compressive forces during extrusion. Coupled with the grain rearrangement witnessed in the 
extruded top and under a different loading mode, this indicates regional dilation as a consequence of 
grain rearrangement. 
6.4 Conclusions 
Semisolid extrusion has been used in this work as an example of the new insights and 
validation data that can be generated by a hot tensioncompression rig coupled with in situ 
tomography. By enabling the direct observation of semisolid indirect thixoextrusion, 
deformation has been shown to occur via globules rearranging as discrete and individual 
particles separated by a liquid film. This corroborates discrete grain results obtained in 
uniaxial compression, and widens the array of grain behaviours observed to grains rolling on 
one another. Solidliquid macrosegregation is seen to happen at the onset of slow speed 








Past research has heavily focused on investigating thixotropy through apparent viscosity 
measurements in bulk semisolid alloys. By reducing the number of variables that usually 
interact during both casting or semisolid processing, such as overall decrease in temperature, 
local variations in the initial microstructure and the temperature, and loading mode 
complexity, this work isolated and studied the interaction of grains at its most simplistic. It 
showed that globular microstructures at high solid fractions ( > 60%) do not show signs of 
agglomeration or deagglomeration in situ, nor the expected unwelding of the solid structure 
[114, 121] or solidliquid segregation and solid compaction [122] at low to moderate strains. 
This dissertation is the first quantitative study of individual grain movements in three 
dimensions during semisolid deformation. It has been confirmed that grains rearrange as 
individual crystals at solid fractions up to 94% solid, and both translate and rotate without 
significant change in shape or volume. The predominance of translation or rotation depends on 





Manipulating grain morphology for imaging      
Long term semisolid heattreatments have been found to be a suitable method to 
manipulate an initially finescaled equiaxed dendritic crystal morphology for imaging purposes. 
Semisolid coarsening broadly follows the Ostwald ripening theory for very long holding times, 
with some parameters such as neck area presenting some caveats. This is due to the analysis 
being exclusively ex situ. In addition, the existence of necks indicates the presence of Courtney’s 
mechanism of coalescence even though it competes with Ostwald ripening. This is in line with a 
previous in situ short semisolid coarsening study [45]. Simplified microstructures that do not 
coarsen in the timescale of an experiment then allow unequivocal studying of graingrain 
interactions in situ and allow rapid and automatic quantification of the morphology changes of 
individual grains. 
Grain behaviour in uniaxial compression 
Analysis of grains over a spectrum of high solid fractions (64% <  <93%) before deformation 
shows grains becoming less globular with increasing solid fraction. As grains become more 
crowded at higher solid fractions, grain surfaces acquire more topology on average. All 
specimens presented preexisting tortuous porosity, while only the specimen at 64% solid 
presented round pores. 
During deformation at low displacement rates (5 Tm s1 and 1 Tm s1) and the lowest solid 
fraction of 64%, preexisting internal round pores were found to close under the influence of the 
neighbouring grains which move closer to each other, causing a local liquid pressure increase 
around the pore and moving further into the pore space as pore radius decreases. Preexisting 
tortuous porosity remains unaffected by specimen deformation. This is true for fractions solid 
up until 73%. At very high solid fractions, shearinduced dilation leads to both opening of pre
existing tortuous porosity and internal porosity nucleation and growth. This is suggested to be 
due to the insufficient liquid present at very high solid fractions, which cannot accommodate 




For all solid fractions, grains are shown to move as individual crystals with no apparent 
change in morphology. Grains therefore rearrange by sliding against each other, with both a 
rotational and a translational component to their movement. With increasing strain, the 
number of grains undergoing significant rotation (<30°) increases. In uniaxial compression, 
translation of grains dominates over rotation. This rearrangement is accompanied by an 
increase in space between the grains, which are shown to lever themselves apart. This shear
induced dilation manifests itself by menisci being drawn in at the surface at all solid fractions. 
With increasing solid fraction, these menisci develop into large air pockets, which resemble 
cracking at very high solid fractions. This cracking has been previously observed at similar 
solid fractions [52] and the underlying mechanisms have been shown here. 
Bulk mechanical response shows a stress increase followed by strain softening and a plateau 
region. This has been shown to be due to a combination of the work done in pushing compacted 
grains apart and the initiation and growth of lateral air pockets developing at the sides of the 
specimen for solid fractions above 64% solid. This bulk mechanical response is in line with that 
observed in previous semisolid uniaxial compression experiments [51]. No solidliquid 
separation is evident, which is in line with previous studies [109] and contradicts assumptions 
of semisolid alloys behaving like sponges during uniaxial compression [73]. The current 
findings therefore support a more granular interpretation of semisolid alloys, as posited 
recently [8], which manifests itself via the dilation of the crystal assembly under uniaxial 
compression.    
Grain behaviour at the beginning of thixoextrusion 
A more complex loading mode that is relevant to semisolid processing was investigated with 
a similar microstructure as above at 73% solid. During upsetting, grains at the bottom of the 
specimen are, on average, further apart than grains elsewhere in the specimen and menisci 
were drawn into the specimen. Upsetting therefore causes local dilation as individual grains 




occurred at the beginning of thixoextrusion [105]. Grains in the region of interest underneath 
the bore act as individual crystals, and under increasing strain and propelled by the liquid, 
flowing towards the bore, roll one onto the other. No formation of solidsolid welds occurs, and 
in this particular case rotation dominates over translation when grain movements are 
quantified. 
Postdeformation examination of the cold microstructure highlights the challenge inherent 
in using ex situ specimens to quantify semisolid behaviour. Grains appear welded in the final 





7.2 Potential further work 
This dissertation has laid out some essential crystalscale mechanisms occurring during 
isothermal semisolid alloy deformation. During the undertaking of this work, several issues 
were raised beyond its scope, with the most relevant ones briefly touched upon below. 
Strain localisation and critical state soil mechanics 
As suggested both prior to in situ investigations and as demonstrated by the in situ analyses 
in Chapters 5 and 6, the number of grains in each sample used in this work is on the scale of a 
representative elementary volume, i.e. the instabilities introduced with increasing strain are 
unlikely to localise. This is evidenced by very large volumetric strains and the significant air 
intake, both of  which are not obtained in much larger samples, neither in soils [154] nor in 
semisolid alloys [8, 11].  There is, thus, a need to test specimens composed of millions of grains 
where strain localisation can occur. 
The indication of the existence of a critical state in semisolid alloys in Chapter 5 needs to be 
explored further. Much larger specimens composed of millions of grains could be rigorously 
tested in triaxial compression tests under both fed and unfed conditions. This would allow 
variation of the external pressure and (1) testing of critical state soil mechanics theory on semi
solid alloys, and (2) examination of porosity formation. Investigations of this type would be 
useful both ex situ and in situ, with the possibility of imaging a region of interest at a 
synchrotron providing suitable resolution.    
Deformation during solidification 
Up to true strains of 30%, no deformation of globules is detected. 2D investigations, however, 
have shown some indication that recrystallisation processes take place in individual grains. 
This is most likely happening in the solid phase in this work as well, especially because the 
microstructure scale is so large and has been obtained using a ripeningcoalescence process. 
Investigating this sort of behaviour at a more suitable resolution, either in 2D or 3D, could 
Potential further work 
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provide additional information into the behaviour of the solid phase, especially at higher solid 
fractions.  
In addition, investigation of larger true strains could provide information about the point at 
which solid globules start deforming. 
Solid-solid grain boundaries 
It may be of interest to investigate potential solidsolid boundaries in globularised 
microstructures using Energy Dispersive Xrays (EDX) in order to examine the amount of Cu 
atoms at the necks between the globules. Seeing whether necking grains are separated by 
infinitesimal liquid films could be correlated with the discrete behaviour observed from the 
beginning of deformation.   
Applicability to equiaxed dendritic microstructures and other alloy systems 
The microstructure in this work has been greatly simplified. While both in situ and post
mortem studies on equiaxed dendritic structures have demonstrated localisation, dilation and 
individual grain movements, it is of considerable interest to image this sort of behaviour in 3D. 
The additional complexity of individual dendrite arms and the dominance of rearrangement 
over dendrite entanglement and breakage over a range of solid fractions is relevant to most 
industrial casting processes, especially highpressure die casting. 
The shearinduced dilation response has been observed over a range of alloy systems [8, 162, 
163] (nonexhaustive references). Observing it in situ using Xrays, however, is highly 
dependent upon both alloy composition and the energy a specific synchrotron beamline operates 
at. AlSi alloys show very little attenuation contrast relative to each other, for example (Al and 
Si have similar atomic numbers). Imaging more than two phases such as those which would 
occur with ternary or quaternary alloys makes identifying and tracking the phases much more 
challenging. Finally, the energy the beamline operates should preferentially be after the SM line 




Translating experimental results to working models 
This dissertation has highlighted the predominance of granular behaviour in semisolid 
alloys. These phenomena are not currently incorporated in either continuum models of the 
mushy zone or discrete elementbased microstructure models [198], except those based on 
Discrete Element Models  [31]. It is of interest to develop a simple model of granular behaviour 
incorporating the foibles of semisolid alloys, such as pressure drop due to feeding difficulties 
leading to pore nucleation, as well as the influence of the oxide layer at the surface and the 
growth of menisci into the specimen. Inspiration can be taken from current constitutive 
equations used in magma or soils which incorporate the volumetric strain to try and estimate 
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Calculation of the angle required for the liquid to be drawn into ‘internal’ tessellation 
triangles. 
22<= = <= IQIF= 
11:q(4 sin 29HPIOmPF= − r) = 20:qð2√3 − rñ 
4 sin 29HPIOmPF= − r = 4011 √3 − 1911 r − 411 
4 sin 29HPIOmPF= = 4011 √3 − 811 r − 411 
sin 29HPIOmPF= = 4044 √3 − 844 r − 111 
9HPIOmPF= = 12 sinzp }4044 √3 − 844 r − 111~ 
9HPIOmPF= = 32.92° 
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